Meteorites on Mars as Planetary Research Tools with Special Considerations for Martian Weathering Processes by Ashley, James Warren (Author) et al.
Meteorites on Mars as Planetary Research Tools
with Special Considerations
for Martian Weathering Processes
by
James Warren Ashley
A Dissertation Presented in Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy
Approved August 2011 by the 
Graduate Supervisory Committee:
Philip R. Chistensen, Chair
Everett L. Shock
Thomas G. Sharp
Richard L. Hervig
Mikhail Y. Zolotov
ARIZONA STATE UNIVERSITY
August 2011
ABSTRACT
 The occurrence of exogenic, meteoritic materials on the surface of 
any world presents opportunities to explore a variety of significant 
problems in the planetary sciences. In the case of Mars, meteorites found 
on its surface may help to 1) constrain atmospheric conditions during their 
time of arrival; 2) provide insights into possible variabilities in meteoroid 
type sampling between Mars and Earth space environments; 3) aid in our 
understanding of soil, dust, and sedimentary rock chemistry; 4) assist with 
the calibration of crater-age dating techniques; and 5) provide witness 
samples for chemical and mechanical weathering processes. The 
presence of reduced metallic iron in approximately 88 percent of meteorite 
falls renders the majority of meteorites particularly sensitive to oxidation by 
H2O interaction. This makes them excellent markers for H2O occurrence.
 Several large meteorites have been discovered at Gusev Crater 
and Meridiani Planum by the Mars Exploration Rovers (MERs). Significant 
morphologic characteristics interpretable as weathering features in the 
Meridiani suite of iron meteorites include a 1) large pit lined with delicate 
iron protrusions suggestive of inclusion removal by corrosive interaction; 
2) differentially eroded kamacite and taenite lamellae on three of the 
meteorites, providing relative timing through cross-cutting relationships 
with deposition of 3) an iron oxide-rich dark coating; and 4) regmaglypted 
surfaces testifying to regions of minimal surface modification; with other 
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regions in the same meteorites exhibiting 5) large-scale, cavernous 
weathering. 
 Iron meteorites found by Mini-TES at both Meridiani Planum and 
Gusev Crater have prompted laboratory experiments designed to explore 
elements of reflectivity, dust cover, and potential oxide coatings on their 
surfaces in the thermal infrared using analog samples. Results show that 
dust thickness on an iron substrate need be only one tenth as great as 
that on a silicate rock to obscure its infrared signal. In addition, a database 
of thermal emission spectra for 46 meteorites was prepared to aid in the 
on-going detection and interpretation of these valuable rocks on Mars 
using Mini-TES instruments on both MER spacecraft. Applications to the 
asteroidal sciences are also relevant and intended for this database.
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Preface
 The study of meteorites is a multidisciplinary science involving 
organic and inorganic geochemistry, astronomy, geology of small bodies, 
physics, and even theoretical astrobiology. Bring this suite of disciplines to 
the surface of a planet with its own diverse suite of unsolved mysteries, 
and we have a recipe for an engaging and challenging set of problems. 
Nature is not mindful of our attempts to compartmentalize its phenomena, 
and so often presents problems that can be understood best (and perhaps 
only) by starting with a cross-disciplinary mindset, and reflecting that 
mindset in our theoretical and experimental approaches. 
 A cumulative record of different environments may be evident in the 
complex morphologies and surface features of the meteorites discussed in 
this dissertation. Some of these clues are incised into their surfaces in 
obvious ways. Others may be more difficult to locate and interpret. It is 
probably worth investing whatever time is required to conduct a thorough 
survey of future meteorite finds. The best example of this so far is in the 
six-week-long study of the Block Island meteorite at Meridiani Planum, 
which presents surprising evidence for several different kinds of processes 
operating at different times near the martian equator. This MER team level 
of effort should represent a standard for future meteorite finds on Mars 
and other worlds.
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1. INTRODUCTION
 On philosophical, scientific, and emotional levels, the question of 
life outside the terrestrial biosphere has deep meaning for most human 
beings [e.g., Fisk et al., 2006; Jakosky, 2006; McKay et al., 1996; 
Rochette et al., 2006; Sagan and Lederberg, 1976]. Indeed, it may be 
among the first to arise as any sentient species crosses an awareness 
threshold from one that is purely local to one that is less provincial. 
 From an astrobiological standpoint, it is evidence for liquid water 
that represents one of the strongest markers for planetary habitability po-
tential [e.g., Knoll and Grotzinger, 2006; Squyres et al., 2003]. This is re-
flected in NASA’s intention to “follow the water” when pursuing questions 
relating to possibilities for life elsewhere [NASA, 2003]. Though conceptu-
ally the approach applies throughout the solar system and beyond, we find 
it most frequently employed as one of the stronger, official motivations for 
NASA’s Mars Exploration Program [e.g., NRC, 2007]. This is because 
Mars, of all the planetary bodies in the solar system, has both 1) habitabil-
ity potential, and 2) accessibility at reasonable costs. Astrobiological con-
siderations (in the form of evidence for H2O) have been crucial to the land-
ing site selection process for each of NASA’s Mars Exploration Rover 
(MER) spacecraft [Squyres et al., 2004a; Squyres et al., 2004b]. The sig-
nificance of H2O remains an important aspect in the sol-to-sol planning of 
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rover operations, even well into the extended phases of the historic mis-
sion. 
 Thus the evolution of climate in martian history remains one of the 
more outstanding problems facing planetary science. Its assessment re-
lies on geomorphological, mineralogical, petrological, and geochemical 
evidence in the form of fluvial landforms and erosional features, minera-
logical signatures in remote sensing data, aqueous sedimentary deposits, 
chemical weathering effects, and the diagenetic modification of sediments. 
The early Noachian period of martian history is regarded as possessing 
the greatest potential for liquid water occurrence (though there is still dis-
agreement on the abundance), with a rapid progression toward dryer cli-
mates during the late Noachian and continuing through the Hesparian and 
Amazonian periods [e.g., Carr, 1996; Knoll and Grotzinger, 2006]. A min-
eralogical breakdown of the early epochs of Mars history (ending ap-
proximately 3.5 Ga ago) into phyllocian, theiikian, and siderikian eras, has 
been proposed based on the remote sensing of clay minerals (phyllosili-
cates), sulfate, and anhydrous ferric oxide occurrences, respectively [Bi-
bring et al., 2006], with H2O playing an ever-diminishing, “superficial” role. 
Though some speculation continues on the possibility for liquid water in 
recent epochs [e.g., Bridges and Lackner, 2006; Christensen, 2003; Gai-
dos, 2001; Heldmann et al., 2005; Mellon and Phillips, 2001], a consensus 
is maintained that global H2O abundance over the past 3.5 Ga has been 
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low.  The regional surface effects of H2O (which though less major, still 
played a significant climatic role during this time) are therefore likely to be 
more subtle, and dominated by the products of mineral-H2O interactions 
[e.g., Gooding, 1981; Gooding et al., 1992; Hurowitz et al., 2010; Kraft et 
al., 2008; McAdam et al., 2008; Michalski et al., 2006; Sharp et al., 2006; 
Wyatt and McSween, 2006]. Recognizing the effects of these slow, chemi-
cal weathering processes is often challenging, and could be assisted by a 
more sensitive indicator than the high-temperature mineral alterations as-
sociated with basaltic and andesitic rocks. 
 While the reactivity depends on the amount of dissolved oxidants 
(O2, O3, H2O2, and perchlorates), this dissertation makes the case that a 
sensitive reactant to H2O on Mars is present in the form of elemental iron 
in meteoritic surface rocks. Low-volume H2O exposure may be recorded 
by oxidation/hydration states and secondary mineralogy of metallic and 
ferrous iron in these meteorites if sufficiently weathered. Because of the 
high reactivity of reduced iron-nickel relative to other minerals, a meteorite 
may theoretically provide evidence for H2O exposure where a martian ba-
salt, under the same set of conditions, might not. The utility of assessing 
martian aqueous processes by meteorite weathering has been made test-
able by the ongoing discovery of at least 16 confirmed and candidate me-
teorites on the martian surface at Gusev Crater and Meridiani Planum by 
the MER (Spirit and Opportunity) science teams. The dissertation fo-
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cusses on the investigation of these rocks, primarily with respect to their 
weathering history, but also with a recognition of other aspects of Mars, 
meteoritical, and asteroidal research that could benefit from their study. 
 Chapter 2 outlines the conceptual model and justification for the 
study of meteorites on other worlds in general, while focusing on the spe-
cial case of Mars, including an argument for consideration of including 
stony (not iron) meteoritic materials in a future Mars sample return mis-
sion. The chapter includes a discussion on the Mars-specific conditions 
relevant to meteorite weathering. Chapter 3 provides a library of 
laboratory-measured, thermal infrared (TIR) emission spectra of meteor-
ites, representing most meteorite classes and their groups, and is in-
tended to serve both as an aid to the detection of meteorites on Mars us-
ing the Miniature Thermal Emission Spectrometers (Mini-TES) on the 
MER spacecraft, and for future applications to the TIR investigation of me-
teoritic parent bodies (i.e. asteroids). Chapter 4 provides one example of 
how meteorites found on Mars can be used as a resource to address spe-
cific questions relating to the current martian environment; in this case the 
thickness of dust on iron rock surfaces at Meridiani Planum. Chapter 5 
presents proof of the main concept in the form of iron meteorites on Mars 
discovered by Opportunity with unambiguous signs of both aqueous and 
physical weathering interactions with the martian environment. Cross-
cutting relationships with the products of post-fall wind erosion visible in 
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Microscopic Imager (MI) image mosaics demonstrate that iron oxides de-
tected on the surfaces of these meteorites could not be the results of at-
mospheric interaction (i.e. fusion crusts), and are therefore likely to be the 
result of H2O (most likely as ice) exposure. Additional morphologic evi-
dence for corrosion from liquid water is present in the form of delicate relic 
metal structures in one of the meteorites. Understanding these features 
may help provide constraints on H2O exposure trends in the near-
equatorial martian latitudes, where Opportunity is located. Chapter 6 will 
summarize the results and present examples of important future work. 
 To support the main goals of this research, the author served on 
MER as a Student Collaborator, Payload Uplink Lead and Payload Down-
link Lead for Mini-
TES, and as a Mineralogy/Geochemistry Science Theme Group Lead for 
general science planning. MER operations and the acquisition of specific 
data products can be influenced through their advocacy in discussion and 
planning forums, but are ultimately the result of team consensus, with pub-
lished results the outcome of collaboration and co-authorship. 
 Due in large part to the success of MER, the reader will find the lit-
erature to include an increasing level of interest in the Mars meteorite 
problem within the planetary science research community, that crosses 
disciplines between Mars science, meteoritics, and asteroid research 
[Beech and Coulson, 2010; Chappelow and Sharpton, 2006a; 2006b; 
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Chappelow and Golombek, 2010; Fleischer et al., 2009; Golombek et al., 
2010; Johnson et al., 2009; Landis, 2009; Malin et al., 2006; Rubin and 
Grossman, 2010; Schröder et al., 2009; Schröder et al., 2010; Squyres 
and Team, 2010]. Thus the focus of this dissertation is the area of re-
search where these disciplines overlap (Figure 1.1a). The different bodies 
of work serve to reinforce and inform each other in several ways. For ex-
ample, the results of Chapter 4 help to explain anomalies identified in 
Chapter 3, while simultaneously addressing observations described in 
Chapter 5. The meteorite library of Chapter 3 is designed to apply to rocks 
identified on Mars (Chapter 5), some of which serve as the motivation for 
Chapter 4, etc. (Figure 1.1b). 
 The overview presented as chapter (2) emcompasses the possibil-
ity for future discoveries of meteorites on both Mars and other planetary 
bodies. The case is made that discoveries can be anticipated and planned 
for. Meteorite recognition has become part of an iterative evaluation proc-
ess for new rocks identified at Meridiani Planum by the Opportunity rover 
(discussed in Chapter 5). Incorporating meteorite studies into the science 
objectives for future roving Mars missions can therefore be taken seri-
ously, and regarded as a robust campaign for routine planning on a sol-to-
sol basis. 
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Dissertation 
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Figure 1.1. Areas of dissertation research; context, and interrela-
tionships.
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82. SCIENTIFIC RATIONALE FOR STUDYING METEORITES ON 
PLANETARY BODIES OTHER THAN EARTH1
2.1 Introduction
 The exchange of planetary materials from one body to another in 
the form of meteoritic debris offers unique opportunities to address a 
variety of outstanding scientific questions. The value of meteorites is 
traditionally viewed in terms of their relevance to 1) the formation and 
evolutionary history of their parent bodies [e.g., McSween, 1989]; 2) solar 
system chronology [e.g., Kleine et al., 2009]; 3) environments and 
processes within the presolar nebula [e.g., Desch, 2006; Huss et al., 
2003]; and 4) the interstellar medium and its precursor stellar/galactic 
source environments [e.g., Timmes and Clayton, 1996; Zinner et al., 
2006]. Meteorites that fall on Earth are not generally considered to provide 
information about the Earth beyond that of early solar system chronology 
(e.g., timing of core-mantle differentiation, accretion, etc.). However, 
meteorites on the surfaces of other solar system bodies have the potential 
to contribute valuable information related to both meteoroids and target 
bodies. Several different studies are enabled by the presence of exogenic 
8
1 Ashley, J. W., M. D. Fries, G. R. Huss, J. E. Chappelow, M. P. Golombek, 
M. A. Velbel, S. W. Ruff, C. Schröder, W. H. Farrand, D. D. Durda, P. A. 
Bland, I. Fleischer, A. C. McAdam, S. P. Wright, L. A. Leshin, and A. Steele 
(2009), The scientifc rationale for studying meteorites found on other 
worlds, white paper submitted to 2013-2022 Planetary Science Decadal 
Survey, Mars Exploration Program subcommittee
9(non-indigenous) materials on other planets. While the present discussion 
is focused on Mars, aspects of the topic (those not necessarily requiring 
interaction with an atmosphere) can be applied across the solar system. 
For example, the chemical and mineralogical composition of the lunar 
surface has been modified by contributions from meteoritic interactions 
dating back to the Late Heavy Bombardment [e.g., Steele et al., 2010], 
and some researchers are exploring the possibility that Earth rocks may 
be resting on our Moon [Armstrong et al., 2002; Crawford et al., 2008]. If 
found, such rocks could (depending on their age) yield clues to the origins 
of life on an early Earth.
 There are several reasons for expecting Mars to host the low-
velocity fraction of meteoroid arrivals on its surface, including 1) a low-
temperature, low-humidity environment of long duration suitable for 
preservation (see Appendix A for a summary of Mars physical conditions); 
2) a crust with low resurfacing rates [e.g., McSween et al., 2003], further 
supporting the accumulation of meteoritic material; and 3) an atmosphere 
capable of decelerating Mars-orbit-crossing meteoroids from 
hypervelocities to “soft landing” (≤ 5 km/s) fall velocities [Chappelow and 
Golombek, 2010a]. The proximity of Mars to the inner main asteroid belt 
source environment may be considered likely to enhance flux on the 
martian surface, but the rate is offset by Mars’ smaller cross-sectional area 
9
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[e.g., Dycus, 1969]. The flux may be reduced by as much as 50 percent 
relative to that of Earth’s for meteor shower contributions (< 4.4x10-6 
meteoroids of mass > 4g /km2/hr as an upper limit) [Dornokos et al., 2007]. 
Still, meteor showers have a cometary, not an asteroidal source, and 
much remains unknown about the nature of Mars’ space environment with 
respect to asteroidal debris that could alter scaling assumptions. 
Preservation rates on the surface of Mars may vary significantly among 
meteorite types and geographical locations, possibly explaining the 
apparent bias toward irons and iron-containing fragments at least among 
the larger size fraction (see Section 2.4.3).
 The utility of meteorites found on the surface of Mars for probing a 
variety of important Mars- and meteoroid-related problems is becoming 
something of an emerging discipline [Ashley and Wright, 2004; Ashley and 
Velbel, 2007; Ashley et al., 2008; Ashley et al., 2009a; Bland and Smith, 
2000; Chappelow and Sharpton, 2006b; Chappelow and Golombek, 
2010a; Fleischer et al., 2009a; Fleischer et al., 2009b; Johnson et al., 
2009; Johnson et al., 2010; Landis, 2009; Nuding and Cohen, 2009; 
Schröder et al., 2008; Schröder et al., 2009; Squyres et al., 2009].  
Mars-specific applications of in-situ meteorite-based science include: 1) 
understanding extraterrestrial contributions to soils and sedimentary rocks 
[Flynn and McKay, 1990; Yen et al., 2005]; 2) helping to provide 
10
11
constraints on atmospheric density and fragmentation behavior 
[Chappelow and Sharpton, 2006a; 2006b; Chappelow and Golombek, 
2010a; Chappelow and Golombek, 2010b]; 3) improving our 
understanding of impact processes [Golombek et al., 2010]; and 4) 
potential assistance with habitability assessments [e.g., Fries et al., 2009; 
Gronstal et al., 2009; Yen et al., 2006].
 In the special case of Mars, a preliminary discussion of meteorite 
find2 applications can be separated into two broad categories: 1) In-situ 
Mars surface-based studies involving roving, robotic spacecraft (e.g. MER 
and MSL)(Section 2.2), and 2) laboratory studies using samples provided 
through a potential future Mars Sample Return (MSR) mission (Section 
2.3). The subjects of 1) meteorite weathering, 2) contributions to soil and 
sedimentary rock, and 3) the significance of taxonomic variations 
(Sections 2.2.1, 2.2.2, and 2.2.4, respectively) span both categories, as 
sample return would constitute a significant science enhancement in each 
of these areas. The following sections provide conceptual discussions of 
these and other example applications, beginning with a general overview 
of meteorite weathering considerations for the martian environment.
11
2 Point of nomenclature: The term ‘find’ will be used often in place of 
‘martian meteorite’ to distinguish meteorite candidates found on Mars from 
the SNC association of meteorites found on Earth, commonly also referred 
to as ‘martian meteorites’.
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2.1.1 General Overview of Meteorite Type and Classification
 Meteorites are classified into three main categories; iron, stony-iron 
and stony, based on iron/silicate fractions. Stones are subdivided into 
chondrites and achondrites, distinguished by the presence in the former of 
chondrules of various types (millimeter-sized silicate spheroids), and other 
textural and chemical criteria. Analogous to undifferentiated sedimentary 
rocks, chondrites are further subdivided into carbonaceous (C), ordinary 
(O) and enstatite (E) classes according to their redox states and refractory 
lithophile ratios [McSween, 1979a]. Apart from the usual presence of 
chondrules and sedimentary textures, chondrites are related by their 
compositions, which are close to that of the solar photosphere, excluding 
highly volatile elements [e.g., Dodd, 1981; Norton, 2002; Sears and Dodd, 
1988]. Of the chondrites, the carbonaceous variety contain the closest-to-
solar abundances of major and trace elements and the highest proportions  
of volatile elements, and so are believed to be the most primitive of this 
class. As such, they were long thought to represent the starting material 
from which all subsequent terrestrial planets and their rock types formed 
and evolved. It is now realized that significant aqueous alteration has 
taken place within the matrices of many C chondrites, and so at least part 
of their mineralogies are something less than primary [Dodd, 1981; 
McSween, 1979a; b].
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 C chondrites are subdivided into CI, CM, CO, CV, CK, CH, CB and 
CR groups based on lithophile element ratios, volatile content, and other 
characteristics. The CIs contain no chondrules and are essentially 100 
percent matrix material [Sears and Dodd, 1988]. CIs and CMs contain the 
highest abundances of volatile elements and lowest abundances of high 
temperature minerals of all meteorites. Many C chondrites contain amino 
acids, polynuclear aromatic hydrocarbons, and other organic molecules, 
and also a suite of presolar grains originating within supernova shock 
fronts and the atmospheres of Asymptotic Giant Branch (AGB) red giant 
stars that expired before our solar system formed [e.g., Heck et al., 2009; 
Huss et al., 2003; Zinner et al., 2006].
 Ordinary chondrites comprise some 82 percent of all meteorite 
samples recovered and have a highly consistent mineralogy between their 
groups [Dodd, 1981; Norton, 2002]. The dominant minerals in ordinary 
chondrites are, in order of decreasing abundance, olivine [(Mg,Fe)2SiO4], 
pyroxene (typically hypersthene [(Mg,Fe)SiO3] and/or diopside 
[MgCaSi2O6]), sodic plagioclase feldspar [NaAlSi3O8], reduced iron-nickel 
metal (kamacite [α-Fe,Ni] and taenite [γ-Fe,Ni]), and iron sulfide (troilite 
[FeS]); with apatite [Ca5(PO4)3(F,Cl,OH)], chromite [(Fe, Mg)Cr2O4], 
ilmenite [FeTiO3], and various accessory minerals and glass comprising 
the remaining one percent fraction. Chondrules, mineral clasts and metal 
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grains are set within a matrix of finer material of similar mineralogy. The 
matrix is a clastic accretion of fine-grained, high temperature silicates, and 
metal and sulfide particles, which together act as a “cement” for the larger 
grains, and may represent the impact-processing of coarse-grained 
fractions on the parent bodies. E chondrites are the most reduced of the 
chondrite group of meteorites, containing metal and sulfide but very little 
oxide minerals. Their name is based on their typically high abundance of 
enstatite (MgSiO3). Chondritic meteorites are assigned a petrologic type 
designation ranging from 3 to 6 for increasing temperature-based 
metamorphic grade, and retrograde from 2 to 1 for increased aqueous 
alteration among C chondrites [e.g., Sears and Dodd, 1988]. Hence 
petrologic type 3 chondrites are considered to be among the most 
primordial materials available to planetary science.
 In contrast to the chondrites, achondrites are analogous to igneous 
rocks, being the result of complete or partial melting with recrystallization 
within or on the parent body. Though by this definition, iron and stony iron 
meteorites should fall within the category, they are not considered 
achondrites, but are nonetheless classified under the heading of 
“differentiated” meteorites together with the achondrites. Irons typically 
represent fragments of planetary cores, with some stony-irons (pallasites) 
representing core-mantle boundary zones. The other stony-iron group are 
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the mesosiderites, which are brecciated and therefore likely represent 
surface-processed (impact-gardened) materials.
 Significantly for weathering-related questions, meteorites are also 
classified by their mode of recovery. A "fall" is a meteorite whose 
atmospheric passage was observed and which was recovered shortly 
thereafter. A "find" is a meteorite that was discovered at some 
indeterminate time after its arrival on Earth or Mars. 
2.2 In-situ Applications
2.2.1 Witness Samples for Martian Weathering Processes
 Among the most valuable scientific applications of martian finds is 
as control or ‘witness’ samples for probing both physical (mechanical/
abrasive) and chemical weathering environments. Most meteorites are 
particularly well-suited to this purpose because their high-temperature 
mineral composition makes them chemically reactive. In addition, most 
meteorites contain iron nickel metal to greater or lesser extents, which 
further increase their reactivity. The chemical alteration of primary minerals  
on Mars constitutes a suite of processes that can provide paleoclimatic 
information in the environment of their occurrence [e.g., Chojnacki and 
Hynek, 2008; Christensen et al., 2004; Kraft et al., 2007; Michalski et al., 
2007; Wyatt et al., 2004; Wyatt and McSween, 2002; 2006]. While some 
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meteorites show signs of preterrestrial aqueous alteration, the majority are 
unique in this regard because of their generally pristine conditions prior to 
arrival on a planetary surface. Conceptually, meteorites on other worlds 
are the experimental equivalent of artificially inserting highly sensitive, 
unweathered rocks of known character into a surface environment, and 
allowing them to alter, with effects building cumulatively over their 
exposure lifetimes — a time period potentially spanning billions of years, 
depending on the environment. 
 On Earth, aqueous alteration in meteorites is of interest because of 
its  potential to obscure records of pre-terrestrial (parent body) processes 
[e.g., Ashley, 1995; Gooding, 1981; 1986a; 1989; Velbel, 1989; Velbel et 
al., 1991; Velbel, 2009; Yates, 1989]. However, meteorite weathering on 
Mars is less relevant to the meteorites themselves than to the assessment 
of past and present surface processes and questions relating to 
habitability. 
 As with all solar system bodies, Mars has continued to interact with 
the interplanetary medium since its accretion. The arrival of non-
indigenous materials in the form of meteoroid impacts continues to the 
present day [Malin et al., 2006; McEwen et al., 2005]. Any fragments of 
this material that are not vaporized upon hypervelocity impact 
(increasingly likely for smaller bolide diameters) should begin to alter in its 
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new environment. The well-known starting chemistries and normative 
mineralogies of ordinary chondrite meteorites have been used to evaluate 
terrestrial climatic behavior as a function of iron oxidation intensity in hot 
desert environments [Bland et al., 1998b]. Iron oxidation might be similarly 
used as an indicator of the past availability of water on Mars. Iron metal is 
present in approximately 88% of all terrestrial falls [Dodd, 1981] and will 
oxidize readily in the presence of even trace amounts of water, though 
mineralogical products vary depending on the phase, availability, and 
chemical activity of water. The metal content ranges from <1% for LL 
ordinary chondrites [Dodd, 1981]; to more than 20% for H ordinary 
chondrites [Pun et al., 1990]; in subequal volumes with silicate phases in 
the case of many stony-irons and CB chondrites [McCoy et al., 1990; 
Weisberg et al., 2002]; to being the dominant component of irons (minus 
sulfides, phosphides, occasional silicates, graphite nodules, and other 
non-metal fractions). 
  In addition to iron oxidation reactions, stony and stony-iron 
meteorites are typically sensitive to silicate alteration because of their 
high-temperature mineral (e.g. olivine and pyroxene) content. Moreover, 
many are unequilibrated mixtures of primordial materials in both coarse-
grained and matrix constituents, which adds to their overall tendency 
toward alteration when water is present to facilitate reactions. Finally, the 
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unaltered, ‘starting’ conditions of these rocks are well known in terms of 
their mineralogies, bulk chemistries, and textures because we are likely to 
have compositionally identical samples available on Earth, making 
departures from the pristine case more easily recognizable than with 
indigenous Mars rocks unless samples can be collected beneath the 
weathering rinds on Mars.
 The formation of oxyhydroxide minerals on Mars is 
thermodynamically favored in the event of a liquid water interaction 
[Gooding et al., 1992]. Well-crystallized products may include goethite (α-
FeOOH), akaganéite (Fe3+7.6Ni0.4O6.4(OH)9.7Cl1.3) (β-FeOOH), where 
akaganéite sequesters chlorine from the environment [Buchwald and 
Clarke, 1988; 1989], and lepidocrocite (γ-FeOOH). These oxyhydroxides 
can theoretically revert to hematite given appropriate reaction 
temperatures [Glotch and Kraft, 2008].
2.2.1.1 Meteorite Weathering in Arid Environments as it May Apply to 
Mars
 While strong global evidence for H2O exposure in Mars’ ancient 
(Noachian) past appears present in the form of outflow channels, valley 
networks, gullies, and hydrous minerals [e.g., Komar, 1980; Carr, 1996; 
Bibring et al., 2005; Bibring et al., 2006; Bibring et al., 2007; Carr and 
18
19
Head III, 2003; Christensen, 2003; Horgan et al., 2009; Mustard et al., 
2008], the role(s) of H2O in liquid, vapor, and ice phases in more recent 
epochs is less well-established. The presumably lower availability of H2O 
during the Hesparian and Amazonian periods would almost certainly make 
hydrologic effects dating to these times more subtle. Most effects of recent 
times are likely to be the result of low water/rock ratio mineral-H2O 
interactions [e.g., Wyatt et al., 2004].
 The Opportunity landing site of Meridiani Planum is sometimes 
compared to meteorite collecting locales on Earth where the “signal to 
noise ratio” for meteorites is significant because of the general paucity of 
loose surface rocks. It has long been suggested that meteoritic weathering 
scenarios in Antarctica may be analogous to low-temperature 
‘hydrocryogenic’ alteration on Mars [e.g., Gooding, 1989], with differences 
in total pressure between the two worlds being negligible to these effects 
[Gooding et al., 1992]. However, although the Dry Valley soil environments 
of Antarctica are indeed considered analogous to many martian 
environments [e.g., Wentworth et al., 2003], the Antarctic blue-ice 
meteorite collection stranding (lag deposit) surfaces [e.g., Cassidy et al., 
1992] are not the only (or even the best) terrestrial analog for the Meridiani 
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plains. Others include the much drier (though warmer) Roosevelt County, 
New Mexico, Australian, Northwest African, and Saharan desert sites 3. 
 What meteorites collected in Antarctica do provide is the 
opportunity to observe mineral-H2O interactions at subzero temperatures 
in contact with H2O ice. The following two subsections are thus overviews 
of meteorite weathering considerations pursuant to the cold-desert 
(recent) martian epochs. 
2.2.1.2 Mineral-water Interactions for Meteorites in Terrestrial and 
Martian Desert Environments
 Secondary (post-fall) iron oxidation (i.e. chemical weathering) in 
meteorites has been studied in the hot desert environments of Roosevelt 
County, New Mexico [Bland et al., 1998a]; Arizona, the Nullarbor Region of 
Western Australia; and the Algerian, Libyan, Saharan and Atacaman 
deserts [Bland et al., 1998b; Munoz et al., 2007]. Mössbauer 
spectroscopic analysis of ordinary chondrites conducted in these studies 
indicates the presence of goethite, akaganéite, and lepidocrocite, in 
addition to magnetite (Fe3O4) and maghemite (γ-Fe2O3), as secondary 
weathering products. The authors suggested that ferric iron abundances in 
20
3 The relationships between glacial ice, stranding surfaces, and meteorite 
accumulation rates is non-intuitive, however, and deserves to be explored 
in the context of meteorite weathering at future landing sites where ice-
related processes are suspected to have occurred. 
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these samples is an index by which weathering intensities can be 
measured, and are thus a gauge for climate behavior. 
 The following terrestrial examples for the formation of akaganéite 
from meteoritic iron metal in an oxidizing environment is borrowed from 
Bland et al., (2006), where the Cl- ion has exchanged with the OH- ion. 
Equation (2.1) shows the result of water interacting with meteoritic iron 
metal, hydrating the iron, which continues to react to produce akaganéite 
in Equation (2.2).
                   (2.1)
             (2.2)
Even when O2 is entirely lacking as an oxidant, the oxygen atom in the 
water molecule should be sufficient to oxidize ferrous iron in olivine on 
Mars [Zolotov, 2007]. As discussed, well-crystallized products from this 
reaction may include goethite and lepidocrocite in addition to akaganéite. 
The presence of the hydroxyl radical is evidence of H2O exposure in the 
case of an oxyhydroxide. The reactions would also apply in the Mars 
environment. In fact, even in a situation where oxygen is entirely lacking 
as a volatile, the oxygen atom in the water molecule alone is sufficient to 
oxidize ferrous iron in olivine on Mars [Zolotov, 2007]. In the case of 
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metallic iron, an even stronger thermodynamic drive toward oxidation is 
present than is the case for ferrous iron (Fe2+). Meteoritic iron metal is 
therefore likely to be the most sensitive material to this type of alteration 
on the surface of Mars. In the progression of oxidation, kamacite will alter 
before troilite, but troilite will alter before taenite [e.g., Yates, 1988] 4. 
Where weathering intensities might be subtle or undetectable for 
indigenous rocks, they may be conspicuous in these reactive materials. In 
Antarctic ordinary chondrites, secondary iron oxide materials fill pore 
space volumes until cessation of weathering results from porosity 
reduction [Ashley, 1995; Bland et al., 1998a]. Liquid water, which 
responds to capillary forces, is necessary for the mobilization of the 
constituents involved in the process, which is demonstrated by the 
production of amorphous stains filling grain interstices, fractures, and 
cleavage planes well-removed from the reduced metal source grains. 
Crystalline oxyhydroxides tend to form in direct contact with primary 
phases [e.g., Velbel and Gooding, 1990] (Figure 2.1). 
 The high sensitivity of iron metal in meteorites to alteration on Earth 
is illustrated by Figure 2.2, where signs of incipient oxidation are readily 
apparent on a surface of a Canyon Diablo meteorite sample that has been 
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4 This iron does not necessarily alter completely, however, before the 
onset of silicate etch pit (incipient alteration) production [e.g., Ashley, 
1995].
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sandblasted to the bare metal for the experiments outlined in Chapter 4. 
The alteration occurred in the indoor, arid climate of the desert 
Southwestern United States and became noticable less than 12 months 
after sandblasting. This type of ‘curatorial weathering’ is familiar to 
managers of meteorite collection facilities who must battle the effects of 
atmospheric O2 and H2O to preserve sample integrity. The rates of 
meteoritic iron oxidation are unknown on Mars, where the average 
abundance of H2O in the atmosphere is approximately 3 ppm (see 
Appendix A), compared with approximately 0.4 percent average 
abundance on Earth. Thus Mars is dryer than Earth because of its lower 
relative humidity. However, depending on latitude, the relative humidity on 
Mars is often close to 100 percent because of low temperatures, resulting 
in the possibility for ice condensation, even near the equator if 
temperatures are sufficiently low [Landis, 2007]. Mineral-water interactions 
may be further accelerated by the high ultraviolet light flux at the martian 
surface [e.g., Huguenin, 1974], although this is not widely accepted, and 
requires experimentation to substantiate. Additional study is required to 
provide constraints on Mars-specific reaction kinetics. 
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Figure 2.1. Photomicrographs of weathering category C, ordinary 
chondrite microprobe mounts from the Antarctic collection. Images show 
reduced metal grains (opaque) and their oxyhydroxide weathering 
products, present as both well-crystallized minerals in direct contact with 
parent grains, and as volumetrically low stain materials. ALH77230 is in 
cross-polarized light; all others are in plain light. Sections have not been 
cut to standard 30 µm thicknesses. [Ashley, 1995].
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Figure 2.2. Meteoritic iron sensitivity to oxidation demonstrated by the 
curatorial weathering of a Canyon Diablo iron meteorite sample. Incipient 
re-oxidation of the bare metal portion (grey-toned right side) of the 10 kg 
meteorite used for experiments in Chapter 4 can be seen in images 
collected at approximately two-year intervals. The meteorite was exposed 
to atmospheric water vapor only, and within the humidity-controlled setting 
of the Mars Space Flight Facility at Arizona State University. Alteration 
sites are discontinuous and unevenly distributed, but show a clear 
progression in iron oxide production. White arrows indicate example 
regions of higher alteration rate. Sandblasting occurred on 12-08-06. 
Image a) collected on 10-26-08; image b) collected on 07-08-10.
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 Much of the granular iron in chondritic meteorite matrices is found 
within the cryptocrystalline size fraction, magnifying the alteration 
susceptibility by increased surface area/volume ratios [e.g., Burns and 
Martinez, 1991]. Thus, spontaneous oxidation should be the case for most 
meteorites on Mars unless the meteorite is somehow preserved in a 
reducing environment, [e.g. Birch and Samuels, 2003].
2.2.1.3 Mineral-water Interactions at Sub-zero Temperatures
 Water ice is almost certainly more available for surface-volatile 
interactions than liquid water in the modern martian epoch [Wyatt and 
McSween, 2006]. Monomolecular films of water can exist on mineral grain 
surfaces at subzero temperatures in Antarctic meteorites [Gooding, 1986a; 
Velbel and Gooding, 1990]. Such films may facilitate the elemental 
migration necessary for many alteration reactions. Antarctic stony 
meteorites exposed to sunlight may have internal temperatures (at depths 
up to 2.0 cm in some meteorites) that rise as high as 5°C on wind-free 
days (even when air temperatures remain below 0°C), enabling capillary 
waters to promote reactions [Schultz, 1986b]. Significantly, some iron 
oxidation reactions have been found to occur in the solid state at low 
relative humidities [Buchwald and Clarke, 1989]. Mineral-H2O interactions 
are active in permanently frozen Antarctic soils [e.g., Campbell and 
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Claridge, 1987], with similar processes probably also occurring on Mars 
today, especially at the mid-latitudes [e.g., Gooding, 1981; Wentworth et 
al., 2003], where the shallowest ground ice is likely to be in diffusive 
equilibrium with the atmosphere [Mellon et al., 2004]. 
 Consequently, the spatial and temporal occurrence of water ice on 
Mars becomes important for the assessment of any oxide coatings on 
meteorites found there. The latitudinal extent of ground ice on Mars is 
debatable, though it is generally not considered stable at the current 
obliquity of 25.1° within 45° of the equator unless it is protected by a layer 
of low-permeability material [Mellon et al., 2004], in which case it may be 
present near the equator at relatively shallow depths [Feldman et al., 
2004]. However, surficial water ice may have been stable at significantly 
lower latitudes (and perhaps even within equatorial regions) during 
periods of high obliquity on timescales of 50 Ka to 2 Ma. [Mellon et al., 
1997]. Other models indicate that near-equatorial latitudes may have been 
ice-free by 2.7 Ma. [Mischna et al., 2003]. At an obliquity of 32°, ground ice 
becomes stable globally, and if Mars was ever capable of reaching a 45° 
obliquity, only the equatorial regions would have been able to sustain 
ground ice [Mellon and Jakosky, 1995]. Oxide/oxyhydroxide coatings 
identified on martian finds in near-equatorial latitudes [where both Mars 
Exploration Rover (MER) vehicles are located] may thus be useful for 
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placing constraints on climatic models where ice distribution is the central 
theme [e.g., Jakosky et al., 1995; Mustard et al., 2001; Pollack and Toon, 
1982] by helping to confirm whether ice was ever stable in these latitudes.
2.2.1.4 Physical Interactions
 The physical weathering of meteorites on Mars is likely to be limited 
to ventifaction and surface sculpting by the mechanical abrasion effects of 
wind-blown, saltating sand grains [e.g., Bridges et al., 1999], and possibly 
fragmentation by frost wedging. Some results of this process are evident 
in the meteorites discussed in Chapter 5, and may indeed represent the 
dominant process for surface modifications.
2.2.2 Contributions of Extraterrestrial Materials to Martian Soils and 
Sedimentary Rocks
 Our best estimates of the meteoritic contribution to surface 
sediments on Mars are currently based on Alpha-particle X-ray 
spectrometer (APXS) data from both Spirit and Opportunity rock and soil 
targets, and place the amount at one to three percent chondritic [Yen et 
al., 2005; Yen et al., 2006]. However, the authors of these studies indicate 
that other factors could be affecting this estimate, which is based primarily 
on nickel abundance. Yen et al. [2006] further point out that understanding 
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the influx of organic material is necessary for “constraining carbon 
oxidation rates in support of Martian habitability assessments.” Other 
important considerations for the study of meteoritic components to martian 
regolith materials are: 1) determining the source of a ferromagnetic 
component to martian dust [e.g., Bertelsen et al., 2004], 2) assessment of 
past and present meteoritic flux rates [e.g., Dornokos et al., 2007; Dycus, 
1969], and 3) assigning Mars-arrival ages to any sizable meteoritic 
materials for possible determination of sedimentation rates (an idea that 
should be explored when making sample selections for a MSR mission).
2.2.3 Constraints on the Martian Atmosphere
The survival of an interplanetary body moving at hypervelocity (10s 
of km/s) to a planetary surface depends on the object’s pre-atmospheric 
velocity, mass, density, entry angle, and the atmospheric density of the 
planet in question. With certain reasonable assumptions regarding the 
velocity and entry angle, a minimum atmospheric density for a given 
meteorite fall event can be back-calculated from the object’s mass and 
composition. Therefore meteorites (strewn field populations and 
individuals) preserve records of Mars’ impact history and atmospheric 
conditions [Beech and Coulson, 2010; Chappelow and Sharpton, 2006a; 
Chappelow and Golombek, 2010b]. This analysis has been performed on 
30
31
the martian finds Heat Shield rock5 (see Chapter 4) [Chappelow and 
Sharpton, 2006b], and Block Island (see Chapter 5) [Chappelow and 
Golombek, 2010b]. The sizes of both of these objects suggest that they 
landed at times of significantly denser martian atmosphere, but that 
current atmospheric conditions could have produced soft landings for both 
meteorites if the entry angles were sufficiently shallow [Chappelow and 
Golombek, 2010b]. 
2.2.4 Addressing Compositional Variations Among Main-belt 
Asteroids
 Aspects of meteoritical knowledge gleaned from the surface of 
Mars extrapolate to the asteroidal disciplines. One would expect martian 
finds to compare directly to those found on Earth, and indeed this is the 
case for Heat Shield rock, a IAB complex [Connolly et al., 2006] meteorite 
which may be genetically related to other IAB iron meteorites on Earth. 
However, ‘Santa Catarina’ and related meteorite candidates identified by 
the Opportunity rover [Ashley et al., 2009b; Fleischer et al., 2009a; 
Fleischer et al., 2010a; Schröder et al., 2009] appear to have no direct 
terrestrial counterparts, and may sample a previously unknown parent 
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5 This rock has been given the official name of Meridiani Planum by the 
Meteoritical Society Committee on Meteorite Nomenclature [Connolly et 
al., 2006]. However the informal name of Heat Shield rock will be retained 
in this dissertation to avoid confusion with the locale.
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body source. It is possible that temporal variations in meteoroid type 
population are better represented on Mars than by meteorite collections 
on Earth because Mars preserves dramatically older suites of rocks. In-
situ evaluation of the increasing number of martian finds by the MER 
rovers permits the assessment of such population differences if they exist.
2.2.5 Improving Understanding of Impact Processes and the Timing 
of Meteorite Fall Events
 At Meridiani Planum, the timing of meteorite falls might be 
constrained by cross-cutting geomorphologic relationships if the material 
is associated with relatively fresh craters. Some crater outlines at 
Meridiani Planum are superposed on the wind-blown, sandy ripples of the 
region [e.g., Squyres et al., 2006], suggesting an age younger than the 
last period of ripple migration [Golombek et al., 2010], estimated at 
100-300 Ka by the same authors. Small, dark pebbles have been found in 
unambiguous association with small craters since the beginning of the 
MER mission, which suggests they are fragments of the crater-forming 
impactors. However, at the time of this writing, none of these small 
pebbles (with the possible exception of the small meteorite candidate 
Barberton, see Section 2.4.3) have been evaluated by rover instruments. 
Crater counts can be used to estimate an age for the impact and therefore 
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the timing of the fragment (meteorite) arrivals. Golombek and others are 
combining this information with morphometry of the craters to help 
determine whether the impact was primary or secondary [e.g., McEwen et 
al., 2005], as secondaries have a much lower impact velocity. In the 
absence of surviving material, the density of the impactor might be 
inferred from the amount of dis-persion among the craters within a given 
crater cluster [Ivanov et al., 2008; 2009].
2.2.6 Unanticipated Applications
The MER mission has demonstrated that unanticipated uses for 
meteorites present themselves to the researcher following discovery. Dust-
thickness determinations using iron surfaces (Chapter 4), impact breccia 
studies, atmospheric fragmentation studies, manually overturning a 
meteorite to compare its undersurface weathering features with those of 
its exposed surface, and the study of erosive forces in the presence of iron 
materials (Chapter 5) are current and proposed projects inspired by the 
martian finds identified thus far. It has even been conjectured that future 
settlers on Mars might find meteoritic iron a valuable resource material 
[Landis, 2009]. We can thus anticipate with confidence that new ideas will 
be forthcoming with additional finds. This is an exciting posture for any 
scientific program.
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2.3 Mars Sample Return
 A report prepared by the Mars Exploration Program Analysis Group 
(MEPAG) Next Decade Science Analysis Group (ND-SAG) for a future 
MSR mission included the following understandable statement on the 
topic of meteorite consideration: “Obviously, allocating precious return 
mass to a meteorite would require a strong justification for the hypothesis 
being tested,” [MEPAG, 2008]. The following presents justification that 
recovered meteoritic materials would constitute a valuable resource, and 
not necessarily a source of ‘contamination’ to be avoided. 
 As discussed in Section 2.2.1, the presence of meteoritic material 
on the surface of Mars provides for a kind of ‘litmus test’ approach for 
aiding the assessment of climate history on that world through a study of 
weathering process types and intensities. With a successful sample 
return, the ability to study the surface-volatile interaction histories of 
materials with well-known starting mineralogies, chemistries (isotopic and 
elemental), and textures would be augmented significantly beyond what 
can be achieved robotically. Within the suite of detectable weathering 
effects, the laboratory comparison of relative rates of different alteration 
mechanisms will be useful [e.g., Velbel, 2009]. The data for meteoritic 
materials from Mars would be contrasted with that of meteorites found in 
terrestrial desert environments. Such studies are possible only with 
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returned samples, which allow the direct analysis of the trace and major 
element chemical effects of meteorite weathering at a high level of 
accuracy [e.g., Al-Kathiri et al., 2005]. Individual grains could be examined 
at the microscale by a host of analytical techniques, including but not 
limited to X-ray diffraction (XRD), Secondary Ion Mass Spectroscopy 
(SIMS), optical petrography, electron microprobe, Raman spectroscopy, 
high-resolution Transmission Electron Microscopy (TEM), and Field 
Emission Scanning Electron Microscopy (FESEM).
 Obviously the question of post-fall, martian residence time will be 
important for providing constraints on martian weathering behavior. Both 
cosmogenic stable nuclides and radionuclides have been discussed for 
the martian situation [Nishiizumi and Reedy, 2000]. These authors suggest 
that the 10Be-26Al-21Ne isotope system should be useful for determining 
exposure ages for rocks at Mars’ surface up to 1-10 Ma. If sufficient 
spallation/ablation and/or fragmentation had occurred during atmospheric 
entry (a reasonable assumption), such an age determination should be 
obtainable up to this maximum for a meteorite sample returned to the 
laboratory. Determining ages for older exposure histories may be more 
problematic, but could be possible within the context of contributing 
stratigraphic, geomorphologic, and/or geochemical factors, or by 
employing longer half-life radionuclide systems. Finally, some researchers 
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are confident that bacterial sources of oxidation can be determined 
isotopically for some meteorites [Gronstal et al., 2009], making meteorite 
sample return directly important to astrobiology. Ideally, relevant decisions 
in a MSR program would involve precursor missions optimized for sample 
return, MER-class spacecraft conducting field-reconnaissance to enhance 
context understanding, and the sample-caching return spacecraft itself.
2.4 Confirmed and Candidate Meteorites Found by Mars Exploration 
Rovers
2.4.1 Instrumentation
 The MER rovers’ Athena science payloads were designed in part to 
evaluate the effects of water on martian surfaces, and the search for these 
effects constitutes one of the main mission science objectives. The 
instrumentation includes two primary remote sensing detectors: the 5-29 
µm-wavelength Miniature Thermal Emission Spectrometer (Mini-TES) 
[Christensen et al., 2003] and 432-1009 nm-wavelength, 16-filter 
panoramic camera (Pancam) [Bell et al., 2003] (see Figure 4.5 for a rover 
diagram). Four additional tools are located on the Instrument Deployment 
Device (IDD) or rover ‘arm,’ including the APXS [Rieder et al., 2003], 
Mössbauer Spectrometer (MB) [Klingelhöfer et al., 2003], 31 µm/pixel 
Microscopic Imager (MI) [Herkenhoff et al., 2003], and Rock Abrasion Tool 
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(RAT) [Gorevan et al., 2003], which also includes a brush for removing 
dust from target sample surfaces. The rover science packages also 
include a set of magnets for assistance with dust analysis e.g. [Bertelsen 
et al., 2004], navigational cameras (Navcams), and hazard assessment 
cameras (Hazcams) [Maki et al., 2003]. Nearly all of these instruments are 
useful for meteorite identification and evaluation. Indeed, use of the full 
instrument suite may be required for an accurate determination of 
meteorite type [Schröder et al., 2008].  
 Predicted concentration mechanisms for meteoritical material on 
Mars modeled by [Bland and Smith, 2000] (later corroborated by 
[Chappelow and Sharpton, 2006]) yielded promising expectations for 
meteorite recognition and subsequent analysis on Mars when combined 
with the capabilities of the MER instrument payloads. Proof that a) 
meteorites are present on Mars, and b) they can be recognized by remote 
sensing techniques, followed the successful landing of both MER 
spacecraft with the identification and investigation of several meteorites 
and meteorite candidates on the martian surface [Ashley et al., 2009b; 
Johnson et al., 2010; Nuding and Cohen, 2009; Ruff et al., 2008; Schröder 
et al., 2006; Schröder et al., 2008]. Some researchers have even 
37
38
proposed a new definition for meteorites which encompasses their 
occurrence on extraterrestrial surfaces [Rubin and Grossman, 2010]6. 
 The dissertation author has recommended to the Meteoritical 
Society Committee on Meteorite Nomenclature that the term ‘exogenite,’ 
meaning a rock with foreign genesis, be adopted as a general term that 
describes any rock material deposited on a world other than the one that 
produced it. We can easily visualize SNCs laying on the surfaces of 
asteroids, Venus, the Moon, and Mercury. Fragments of moons orbiting 
the Jovian planets are similarly likely to salt each other following impacts 
on those low-escape velocity bodies. The use of any word containing 
‘meteor’ may be inappropriate in some of these cases since its etymology 
is specific to a world having an atmosphere.
 The current number of martian find candidates stands at a minimum 
of 16 for the MER mission (Table 2.1). Up to Opportunity sol 2000, the two 
rovers had traversed approximately 25 km of cumulative odometry (7.7 km 
for Spirit, and 17.2 km for Opportunity), and had discovered at least 10 
confirmed and candidate meteorites. In addition to the meteorite pair Allan 
Hills and Zhong Shan discovered by Spirit at Gusev crater [Ruff et al., 
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6 The authorsʼ proposed definition is: “A meteorite is a natural, solid object 
larger than 10 μm in size, derived from a celestial body, that was 
transported by natural means from the body on which it formed to a region 
outside the dominant gravitational influence of that body and that later 
collided with a natural or artificial body larger than itself (even if it is the 
same body from which it was launched).”
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2008], Meridiani meteorite candidates included Barberton [Schröder et al., 
2006]; Heat Shield rock, Santa Catarina [Schröder et al., 2008]; Joacaba, 
Paloma, and Mafra [Ashley et al., 2009c]; Santorini [Schröder et al., 
2009a]; Kasos [Schröder et al., 2010]; and three possibly related iron 
meteorites Block Island, Shelter Island, and Mackinac Island (see Chapter 
5).
 All meteorites were identified during the extended phases (> 90 
sols) of the mission. The better measure of find rates is cumulative 
odometry, not time spent on the surface of Mars, as mission science 
objectives often involve many weeks or months at one Site location. The 
MER meteorite discovery rates clearly speak to the high availability of 
meteoritic material on the martian surface. Indeed, given the general 
avoidance of inspecting rocks smaller than ~10 cm diameter, and the 
viewing handicaps inherent while driving (images are collected post-drive, 
not while moving), the total number of meteorites has likely been
39
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underestimated. The individual finds will be discussed out of chronologic 
order (to preserve a rover-specific discussion) below.
2.4.2 MER-A Finds
 Expectations for meteorite finds at the Spirit rover landing site in 
Gusev crater were not high because of an abundance of loose surface 
rocks, which might be difficult to distinguish from exogenic materials under 
normal circumstances. As is the case on Earth, however, iron meteorites 
may stand out relative to stony meteorites, and at a time of immobility for 
Spirit (due to low sun angles during its first martian winter), a minimum of 
two iron meteorites were recognized with the Mini-TES instrument within 
meters of the rover (see Chapter 4) during a stand-down of roving activity 
at Husband Hill (Figure 2.3). These were assigned the informal working 
names of Zhong Shan and Allan Hills [Ruff et al., 2007]. The two rocks are 
likely paired fragments of the same fall, but this is unknown. It is perhaps 
significant that meteorites are found in close proximity when forced to take 
stock of immediate surroundings. This, together with the discovery of finds 
by two spacecraft on opposite sides of the planet, contributes to the 
suspicion that meteorites are even more abundant on Mars than is evident 
from the current odometry/find ratio.
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Figure 2.3. Zhong Shan and Allan Hills find location. Images include Spirit 
traverse history up to meteorite discovery. NASA/JPL/HiRISE.
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Zhong Shan and 
Allan Hills
sol 831/842
Figure 2.3b inset
a
b
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2.4.3 MER-B Finds
 The Opportunity rover landing site at Meridiani Planum is unusual 
among Mars surface mission sites for its paucity of loose surface rocks. 
Meridiani Planum is characterized by unconsolidated, wind-blown basaltic 
sand discontinuously overlying a sulfate-rich sandstone bedrock 
containing hematite “spherule” concretions [e.g., Squyres et al., 2004]. An 
absence of Hesperian-age craters, thermal inertia and spectral evidence, 
and hematite spherule lag concentration values for the area suggest that 
the region has undergone up to 10-80 m of deflation within the past 3 Ga, 
resulting in a level surface with loose rocks occurring only intermittently 
[e.g., Christensen and Ruff, 2004; Golombek et al., 2006]. Evidence for 
ancient acidic groundwater [e.g., Grotzinger et al., 2006; Grotzinger et al., 
2005; McLennan et al., 2005; Squyres et al., 2004; Tosca et al., 2005; 
Zolotov and Shock, 2005] indicates that environmental conditions in the 
distant past were dramatically different from those today. What rocks are 
present may be found near craters, in clusters of small to moderate (10s 
to 100s m2) area, or sometimes as isolated pebbles or cobbles separated 
by hundreds of meters. An official ‘cobble campaign’ conceived by the 
science team to assess these rocks has been an on-going aspect of 
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Opportunity’s extended mission phases. The MER science team defines a 
‘cobble’ as any loose rock fragment ≥1 cm diameter7. 
 Meteorite candidates are typically identified by color contrast and 
size from Pancam and Navcam images used for drive planning in the 
course of traversing the Meridiani plains. Depending on its initial distance 
from the rover when noticed, its azimuth from the planned drive direction, 
and its perceived degree of potential science value, a candidate meteorite 
may be approached for closer inspection. Different levels of analysis may 
then be employed (i.e. remote sensing vs. full instrument deployment),
again depending on the perceived science potential. When encountered, 
Meridiani cobbles tend to represent materials of non-local or even exotic 
origin. As outlined by Jolliff et al., (2006) possible origins include 1) 
meteorites and their fragments; 2) secondary impact ejecta blocks 
delivered from outside the local region; 3) locally derived impact ejecta 
from the surface layer; 4) erosional remnants of a layer that once lay 
above the presently exposed outcrops; 5) erosional remnants of a deeper 
layer within the underlying but local stratigraphy, brought to the surface as 
impact ejecta; 6) impact melts of the outcrop lithology or a mixture of the 
outcrop lithology and underlying strata; or 7) resistant material eroded 
from the sulfate-rich outcrop (e.g., rinds and fracture fillings).
45
7 The formal definition of a cobble is 6.4 to 25.6 cm according to the 
Krumbein φ scale [Krumbein and Sloss, 1963].
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 When considering meteorites found on the surface of Mars, the 
subject of the SNC meteorite association is unavoidable. However, these 
rocks arrive as meteorites on Earth with Mars as the inferred parent body 
[e.g., McSween, 1984; 1994; McSween et al., 2007]. The only rock 
identified during the MER mission at the time of this writing as having a 
composition similar to a member of the SNC association is Bounce Rock, 
encountered just outside of Eagle Crater on sol 63, which appears similar 
to a shergottite [Christensen et al., 2004; Rodionov et al., 2004; Zipfel et 
al., 2010], and may have originated as ejecta from a crater beyond the 
horizon [Squyres et al., 2004]. 
 With the exception of iron-nickel finds, most cobbles can be divided 
into three groups on the basis of their chemical and mineralogical 
composition. These include 1) outcrop fragments as impact ejecta 
representing the regional bedrock; 2) Barberton group cobbles (stony-iron 
meteorite candidates); and 3) Arkansas group cobbles [Fleischer et al., 
2010a]. The Barberton Group cobbles are chemically and mineralogically 
very similar to each other. They contain either one or both of metallic iron 
in the form of kamacite, or iron sulfide in the form of troilite (both meteoritic 
minerals), in addition to other ferrous and ferric iron phases. The ferric iron 
is most likely a product of chemical alteration [Schröder et al., 2010]. They 
have been described as chemically similar to mesosiderite silicate clasts 
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[Schröder et al., 2006, 2008], but may also belong to a group of meteorites  
not yet sampled on Earth [Ashley et al., 2009b; Schröder et al., 2010]. 
There is also the possibility that the Barberton Group rocks may not be 
entirely meteoritic (their textures suggest the possibility of impact breccias 
that merely contain meteoritic minerals [e.g., Koeberl, 1998]). Arkansas 
group rocks are not well understood, appearing to be a mixture of sulfur-
rich outcrop and basaltic soil. They may also represent a kind of 
unclassified impact breccia. 
 Opportunity identified four iron-nickel meteorites, Heat Shield rock, 
Block Island, Shelter Island, and Mackinac Island [Ashley et al., 2010; 
Fleischer et al., 2010b; Johnson et al., 2010; Schröder et al., 2008], and 
seven stony meteorite candidates, including the Barberton Group cobbles 
Barberton, Santa Catarina, Mafra, Paloma, Joacaba, Santorini, and Kasos  
[Ashley et al., 2009b; Schröder et al., 2006; Schröder et al., 2008; 
Schröder et al., 2009] (Figure 2.4). Santa Catarina was found among a 
large field of cobbles near the Cabo Anonimo promontory along the NNW 
rim of Victoria Crater during early reconnaissance of the Crater environs. 
On the basis of Pancam and Mini-TES spectral data, Mafra, Paloma, and 
Joacaba (cobbles not examined by IDD) show similarity to Santa Catarina, 
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Barberton
sol 121 Heat Shield rock
sol 339
Santa Catarina 
Cobble Field
sols 1041 - 1055 & 
1190 
Figure 2.4. Meridiani Planum meteorite candidate find locations (a). Map 
includes traverse history prior to sol 1041. Large impact feature is Victoria 
crater. NASA/JPL/HiRISE.
a
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Figure 2.4, continued (b). Inset shows relative location of Victoria crater 
indicated in Figure 2.4a. NASA/JPL/HiRISE. 
N
100 m
Nimrod 
Crater
Wednesday, July 28, 2010
Block Island
sols 1961 - 2000 
Shelter Island
sol 2022 
Mackinac Island
sol 2034
b
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and are therefore likely of Barberton Group composition [Ashley et al., 
2009b]. If meteoritic, the rocks are probably paired [Schröder et al., 2010], 
and may even represent an extended meteorite strewn field similar to 
those found on Earth [e.g., Trigo-Rodríguez et al., 2009]. This type of 
meteorite does not currently have a counterpart in Earth-based 
collections, however. Though planet orbit-crossing asteroidal debris 
should theoretically be well-mixed across the inner solar system, relatively 
recent asteroidal fragmentation or collision events could be capable of 
producing temporary heterogeneities in this distribution. Thus, the Santa 
Catarina cobbles may represent a new type of meteorite.
 Heat Shield rock has been officially classified as a IAB complex iron 
meteorite [Connolly et al., 2006]. Based on APXS data, Block Island and 
Shelter Island are also of the IAB class [Fleischer et al., 2010a]. Mackinac 
Island was not investigated with the IDD instruments. IABs are the most 
common among iron meteorites. Whether these iron meteorites are 
genetically associated (paired) remains uncertain. Differences in their 
alteration state (Chapter 5) raise the possibility that they fell at different 
times, but the occurrence of the three most recent finds (within a few 
hundred meters of each other and within two radii of a crater) suggest that 
pairing is be likely [Schröder et al., 2010], and that each may simply have 
had different burial/exposure histories.
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 The dark pebbles associated with fresh impact craters constitute 
the remaining cobble type, but require further work to characterize. As 
indicated, these are probably meteoritic in origin [Golombek et al., 2010]. 
The proximity of Barberton to Eagle crater; Santa Catarina, Kasos, and 
Santorini to Victoria crater; and Block Island, Shelter Island, and Mackinac 
Island to Nimrod crater; raises the question of whether these rocks are 
related to the impactors that created the craters. This question may be 
answerable only by statistical analysis of meteorite populations. 
2.5 Future Work
 Given the MER rates of meteorite discovery, it is probable that both 
MER and future roving spacecraft will continue to encounter meteorites. 
Providing that the ability to recognize meteorites by the instrument suites 
is comparable to that of the MERs, opportunities for further study can be 
anticipated and planned for. Relevant instruments on the next-generation 
roving spacecraft Mars Science Laboratory (MSL) named Curiosity, for 
example, include the Mast Camera (MastCam), Mars Hand Lens Imager 
(MAHLI), Alpha Particle X-ray Spectrometer (APXS), Chemistry & Camera 
(ChemCam) instrument, Chemistry & Mineralogy X-ray Diffraction 
(CheMin) instrument, and Sample Analysis at Mars (SAM) instrument 
suite. SAM derivatization and pyrolysis experiments would be useful for 
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assessing differences in organic compound oxidation from weathering 
between the interior and exterior of meteorite samples [McAdam, 2009]. 
While discussions for possibly performing in-situ geochronology of Mars 
rock crystallization ages using the SAM and CheMin instruments on MSL 
remain ongoing, any isotopic determination of a meteorite’s surface 
exposure age would require sample return for laboratory analysis (see 
Section 2.3). The meteorite problem should be considered when designing 
the detailed mission objectives for MSL, as well as when selecting 
instruments for future missions.
 At a time when phyllosilicate occurrence is considered a site 
selection criterion for future ground missions because of its ancient 
climate implications, the occurrence of meteorites should be apportioned 
an appropriate weight in the ‘ground-truthing’ of H2O exposure and 
habitability potential once successful landings are accomplished, 
particularly at mid- to high-latitude sites where water availability is likely to 
have been higher than at equatorial regions. Having stated this, it should 
be noted that iron meteorites do show clear signs of water exposure at the 
Opportunity latitude of ~2.0° S (see Chapter 5).
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3. A THERMAL EMISSION SPECTRAL LIBRARY
FOR UNPOWDERED METEORITES
3.1 Introduction 
 Thermal emission (mid-infrared/vibrational) spectroscopy has been 
highly successful as a tool for the remote sensing and assessment of 
regional rock compositions and individual mineralogical signatures on 
planetary surfaces from orbit, and for individual rock targets from ground-
based detectors [e.g., Bandfield, 2002; Christensen et al., 2000b; 
Christensen et al., 2004; Christensen et al., 2005; Hook and Kahle, 1996; 
Ruff et al., 2007; Salisbury and Walter, 1989; Salisbury et al., 1995a]. 
Instruments have included the Thermal Emission Spectrometer (TES) 
experiment on Mars Global Surveyor [Christensen et al., 2001], the 
Thermal Emission Imaging System (THEMIS) on the Mars Odyssey 
spacecraft [Christensen et al., 2001], Mini-TES on the MER rovers 
[Christensen et al., 2003], the Earth-orbiting Advanced Spaceborne 
Thermal Emission and Reflection Radiometer (ASTER) on the Earth 
Observing System satellite, and several airborne, laboratory, and field 
portable [e.g., Hook and Kahle, 1996] spectrometers. 
 Mid-infrared thermal emissivity spectra have been obtained for 46 
whole-rock (unpowdered) meteorites representing most chondritic and 
achondritic groups, and exhibiting a range in weathering intensity from 
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pristine to heavily oxidized. The database also includes spectra for several 
fusion-crusted stony meteorite surfaces and stony-iron meteorites. The 
library was prepared primarily for application to the Mars Exploration 
Rover (MER) remote sensing of meteorites encountered during the course 
of mission operations on Mars using the Miniature Thermal Emission 
Spectrometers (Mini-TES). The library samples were therefore selected to 
represent the range of weathering states most likely to be encountered by 
Spirit and Opportunity in martian environments (see Chapter 2). A parallel 
intent for the library is for it to find applicability with ground-based, orbital, 
fly-by, lander, and sample-return asteroid research. All spectra are 
accessible through the Arizona State University Spectral Library website of 
the School of Earth and Space Exploration’s Mars Space Flight Facility 
(http://speclib.asu.edu).
 Rock and mineral spectral libraries representing the types of 
materials likely to be encountered during planetary exploration, 
assessment, and mapping projects are required to interpret the data 
produced by these instruments [e.g. Christensen et al., 2000a; Ramsey 
and Christensen, 1998; Ruff et al., 1997; Salisbury et al., 1994]. These 
have been prepared for major rock-forming minerals [Christensen et al., 
2000a], sulfate and sulfate-bearing minerals, [Lane, 2007], altered basaltic 
tephras [Hamilton et al., 2008], additional salt minerals [Lane and 
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Christensen, 1998], salt cements [Baldridge and Christensen, 2007], 
olivines [Hamilton, 2010], and iron oxides [Glotch et al., 2004]. 
 As thermal emission spectroscopy finds application to more 
primitive (less geochemically evolved) planetary materials, however, an 
expansion of these libraries to include meteorites (as samples of these 
parent bodies) is required. Further, as meteoritic materials are 
encountered by the MER rovers at Gusev Crater and Meridiani Planum, a 
database of meteorite spectra was necessary to assist in the evaluation of 
Mini-TES measurements of such rocks. This chapter therefore augments 
existing thermal emission spectral libraries with one comprised solely of 
meteorite spectra.
3.1.1 Applications to the Mars Exploration Rover Mission
 Reduced (metallic) and ferrous iron in meteorites found on Mars 
provides a sensitive water indicator because it will oxidize readily in the 
presence of even trace amounts of liquid water, water vapor (depending 
on its partial pressure), and possibly water ice (Section 2.2.1.3). 
Weathering effects may therefore be recorded by oxidation/hydration 
states and secondary mineralogy on meteorite surfaces and interiors. 
Thus meteorites on Mars and their weathering intensities may provide a 
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means to gauge the past and recent extent of water exposure across the 
martian latitudes.
 Meteorite fall locations and weathering intensities might thus help 
constrain models of ice extent during periods of high martian obliquity, and 
possibly also address more long-term paleoclimatic trends. Both Spirit and 
Opportunity are located in near-equatorial latitudes, where H2O exposure 
under current obliquity cycles is anticipated to be low [Carr, 1996], though 
evidence for subsurface aqueous interactions has been presented [Yen et 
al., 2005], as have direct observations of water ice crystals (frost) on the 
Opportunity spacecraft [Landis, 2007]. 
 TIR spectroscopy using Mini-TES is ideal for recognizing meteorites 
at a distance. Mini-TES is a FTIR spectrometer operating over a spectral 
range of ~ 5 to 29 µm (1997.06 to 339.50 cm-1) with a spectral sampling of 
9.99 cm-1 [Christensen et al., 2003]. The instrument uses a deuterated 
triglycene sulfate detector with a KBr beamsplitter. Measurements are 
collected through the rover’s Pancam Mast Assembly (PMA), which 
functions like a periscope [Squyres et al., 2003], and are delivered to the 
Mini-TES instrument through a cassegrain optical system. The instrument 
itself is mounted inside the warm electronics box within the rover chassis 
(Figure 4.5). The PMA contains three Mini-TES-related optical elements, 
including a fixed mirror, a movable elevation mirror, and a CdTe window at 
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the base of the PMA tube1. Command bundles are sent directly to the 
spacecraft’s high-gain antenna from Earth, while data products are 
relayed to the Earth-based Deep Space Network (DSN) through an uplink 
to the orbiting Mars Odyssey spacecraft, though occasionally the Mars 
Reconnaissance Orbiter platform is used when Odyssey is experiencing 
temporary stand-down conditions.
3.1.2 Applications to Asteroid Science
 The genetic relationships of meteorites to their (primarily) asteroidal 
parent bodies has, with few exceptions, long been a problem for 
meteorite/asteroid research [Lipschutz et al., 1989]. Spectroscopic efforts 
have been made to link individual meteorite groups to specific asteroid 
parent bodies with some success [e.g. Feierberg and Drake, 1980; Hanna 
and Sprague, 2009]. However, most asteroid spectroscopy studies are in 
the VNIR [e.g. Clark et al., 2004], and consist of reflectance 
measurements. Many meteorite spectroscopic analyses have therefore 
also focused on the VNIR spectral range [e.g. Gaffey, 1976; Gaffey et al., 
1989; Sato and Miyamoto, 1998]. The primary silicate minerals minerals of 
meteorites have been examined in the TIR by a few researchers [Bowey 
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1 It is suspected that at least one (and possibly all three) of these optical 
surfaces received coatings of wind-blown dust following the Mars global 
dust event beginning around sol 1217 (June 2007).
et al., 2007; Dameron and Burbine, 2006; Hamilton et al., 1997; Morlok et 
al., 2006; Palomba et al., 2006; Salisbury et al., 1991a; Sandford, 1984; 
1993; Wright et al., 2006]. However, the Morlok and Sandford studies 
involved transmission spectroscopy for applications to circumstellar disk 
studies or for assessing terrestrial weathering effects; and the Hamilton et 
al., Wright et al., and Palomba et al. works focussed on SNC meteorites, 
with interpretations relevant to Mars as the parent body and not to 
asteroids. Mid-infrared absorption spectra have also been collected for 
diamond-pressed carbonaceous (C) chondrite pellets [Osawa et al., 2005]. 
This study focussed on O-H stretching modes of absorption, and found 
they can be used to differentiate the various carbonaceous chondrite 
groups from one another. One recent study successfully correlated TIR 
spectra for the HED association of meteorites with spectra collected for 
the asteroid Vesta using Mid-Infrared Asteroid Spectroscopy (MIDAS) and 
Infrared Space Observatory (ISO) spectrometers [Hanna and Sprague, 
2009]. Some attempts at lunar applications have been made [Logan et al., 
1973; Nash et al., 1993; Salisbury et al., 1995b; Salisbury et al., 1997]. 
These studies found that returned lunar samples are preferable to 
terrestrial minerals that may be altered. The Chapter 3 spectra library will 
therefore also be augmented in future with lunar samples. 
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 The applicability of TIR remote sensing from both ground-based 
and low-Earth-orbit telescopic observatories to asteroid and lunar surfaces 
has been challenged by regoliths comprised of small (often powdered) 
grain sizes [Hörz and Cintala, 1984], which tends to dramatically reduce 
spectral contrast [e.g. Emery et al., 2006; Lim et al., 2005] (see Section 
3.2.1). Indeed, particle size-related issues are at the heart of interpretation 
of asteroid spectroscopic studies in the mid-infrared. However, the high-
resolution Itokawa imaging results of the Hayabusa mission have shown 
that not all asteroid surfaces are dominated by powdered materials [e.g., 
Noguchi et al.], having imaged gravel-sized textures at the small end of 
the surface fragment size-frequency distribution. Other asteroids whose 
rotation rates and low escape velocities discourage gravitational 
particulate settling may also have dust-free regoliths. 
 Ground-based asteroid observations tend to be optimised for 
studying large bodies at all wavelengths because of their brighter 
magnitudes and the limitations of telescopic facilities [e.g., Bowell and 
Muinonen, 1994]. It is therefore anticipated that whole-rock (unpowdered), 
mid-infrared emission spectra may serve studies conducted using Spitzer 
Space Telescope (SST), James Webb Space Telescope (JWST), and 
other space-born observatories equipped with mid-infrared detectors 
useful for smaller asteroid targets with coarse surface textures.
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3.2 Background
3.2.1 Thermal Emission Spectroscopy Theory
 Electromagnetic emission in the ~ 3-100 µm (mid-infrared) 
wavelength range is a natural consequence of atomic oscillations 
(vibrations) between atoms at bond interfaces. Vibrations consist of 
symmetric and asymmetric stretching, bending, wagging, and twisting 
modes (depending on available degrees of freedom), and are responsible 
for absorption features observed in radiance and emissivity spectra if a 
change in electric dipole moment results from this motion. The vibrational 
frequency corresponds directly to the wavelength of its consequent photon 
emission, and is a function of elemental composition, bond strength, and 
in the case of minerals (the focus of geologic applications), 
crystallography. Although the secondary overtones of some atomic 
vibrations may be found within the visible to near infrared (VNIR; 0.4-2.5 
µm) region of the electromagnetic spectrum, they are typically much 
weaker than those in the TIR.
 A Fourier transform infrared (FTIR) spectrometer contains a 
Michelson interferometer (using a beam-splitter and precision-controllable 
mirror) that generates an interferogram from the recombination of a split 
electromagentic signal. When exposed to this signal, an infrared detector 
sensitive to the TIR spectral range will produce a wavelength-dependent 
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voltage response. Raw spectra are produced by performing a Fourier 
transform on the interferogram. 
 Radiance values (measured in units of watts per square centimeter 
per solid angle [W⋅cm-2⋅sr-1]) are determined for each wavelength using 
the Planck equation and sample brightness temperature as outlined in 
Section 3.2.2. When ratioed to a blackbody curve for the same 
temperature as the target emitter, the dimensionless emissivity spectrum 
is produced. The emissivity spectrum thus derived represents the 
departure in a real-world case from the same curve in the ideal case (the 
flat and horizontal curve for a blackbody at the same temperature). Since 
the spectra are diagnostic of the mineral, they become useful for mineral 
and rock identification purposes. The frequency range for this type of 
emission tends to fall within that of thermal radiation [e.g. Garbuny, 1965]; 
hence the “thermal emission spectroscopy” designation. 
 Natural materials follow Kirchhoff’s law, relating reflectivity (R) as 
the inverse of emissivity (E): 
E  = 1 - R ,                                            (3.1)
as long as they are not of an excessively low density, where multiple 
scattering becomes significant [Salisbury et al., 1994]. Silicate minerals 
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tend to have prominent absorption bands within the 900-1200 
wavenumber (cm-1; the spectroscopist’s unit of preference by convention, 
and the inverse of wavelength) range resulting from Si-O antisymmetric 
silica tetrahedral stretching, with corresponding absorption from Si-O 
bending modes in the 200-500 wavenumber range [e.g., Johnson et al., 
2007].
 Because the mineralogical components of a rock or granular 
material are much larger than infrared wavelengths, photons tend to 
interact with only one material at a time, and will therefore add linearly in 
proportion to their areal percent fractions (with a few exceptions [e.g. 
Bandfield et al., 2000]) to comprise a spectrum. Linear deconvolution can 
thus be applied to separate spectra into those of a given target’s 
constituent (end-member) minerals. A route-mean-square (RMS) error of 
less than 5% is typical for these calculations, and the relationship holds to 
~ 60 µm (several times the wavelength) diameter grains, below which it 
fails unless end-member diameters are also reduced [e.g., Christensen et 
al., 2000a; Ramsey and Christensen, 1998]. 
 Thus important to emission spectroscopy are scattering effects, 
which are produced by unfavorable geometric optics, and are a function of 
particle size. This becomes an automatic concern when dealing with lunar 
and asteroid regoliths, which are often (but not always) powdered from 
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100’s of Ma to Ga of regolith production from micrometeorite impacts [e.g., 
Emery et al., 2006]. As many meteorites in the meteorite spectra library 
exhibit shallow absorption features (producing low overall spectral contrast 
that may be a result of these effects, possibly caused by contributions 
from moderately particulate to nanophase weathering products), a brief 
description of this phenomenon is warranted.
 The Fresnel reflectivity (RF) of a mineral surface is a function of the 
absorption coefficient (κ) and the index of refraction (n). Both are 
wavelength-dependent. Reflectivity is given at normal incidence angles by:
RF  = 
(n −1)2  + κ 2
(n +1)2  + κ 2
                                        (3.2)
 Irrespective of n, at wavelengths where κ is large, surface 
reflections will dominate the possible range of photon-surface interactions, 
resulting in low emissivity values, and producing an “absorption band.” 
Radiance contributions from effective blackbody cavities (natural spaces 
within a porous or granular material) are more significant at these 
wavelengths because high reflectivity permits the buildup of radiance 
within the cavity walls to near-unity (blackbody) emissivity. This energy 
has greater ease escaping material the closer its wavelength is to the 
physical diameter of the grains comprising the material, and so the unity 
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emissivity energy increases the total energy for a given wavelength 
interval, shallowing the spectra in that region. Hence, finer-grained 
materials will tend to exhibit shallower absorption features than coarser-
grained examples of the same mineralogy, again at wavelengths where κ 
is large and strong absorption is expected.
 However, at wavelengths were κ is small and reflectivity is low 
(higher emissivity), the opposite effect is the case, and a comparatively 
shallow absorption band will deepen with decreasing grain size. This is 
because the higher number of photon-surface interactions resulting from 
grain penetration2 results in a longer total path length for a statistically 
larger fraction of photons, producing more opportunities for true 
attenuation and eventual extinction within the mineral interior (and also 
from deeper within the volume of granular material, not merely from the 
few grains closest to the surface). The phenomenon is non-linear, occurs 
only at wavelengths where n ≠ 1, and is referred to as “volume 
scattering” [e.g., Moersch and Christensen, 1995; Ramsey and 
Christensen, 1998; Salisbury et al., 1987; Salisbury et al., 1991b; 
Salisbury and Daria, 1992]. 
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2 Instead of a single reflective interaction at a grain surface with high 
reflectivity, energy that penetrates a grain will partially reflect and partially 
refract through the grain to the opposite mineral-air interface, where it will 
similarly reflect and refract partially, etc. 
 In addition to causing photon absorption, strong harmonic 
vibrations within a crystal lattice will produce the optical phenomenon of 
anomalous dispersion (increasing n with increasing frequency). The return 
to normal dispersion (decreasing n with increasing frequency) occurs on 
the short wavelength side of a prominent absorption band, and because 
the wavelength where n = 1 is both 1) within this range, and 2) at a point 
of rapid change in n, this wavelength can produce a prominent local 
emissivity maxima (reflection minima). This is spectroscopically useful 
because photon propagation is unhindered and there are no variations in 
emissivity/reflectance with particle size at such wavelengths [e.g., Logan 
et al., 1973]. This maxima (known as the Christiansen feature) and its 
wavelength is often a better indicator of composition for powder work with 
asteroids than absorption features, which are also impacted by gas 
density and composition [e.g., Piqueux, 2009], and surface temperature 
gradient.
 Relevant to a discussion on meteorite spectroscopy are the 
modification effects of  weathering, [Sharp et al., 2006], desert varnishes 
greater than ~50 µm in thickness [Christensen and Harrison, 1993], and 
the effects of impact shock and percent fraction of glass in the rock 
[Johnson et al., 2007]. However, because shock effects are associated 
primarily with feldspars [Johnson et al., 2007], they are likely to be 
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negligible for meteorites with low feldspar content (e.g. chondritic 
meteorites). Silica coating effects [e.g., Kraft et al., 2003; Michalski et al., 
2005] may mask spectral features on the surfaces of weathered 
meteorites, but little is known about the water/rock ratios required to 
facilitate them in these special cases. 
3.2.2 Methods and Spectra Calibration
 Spectra were collected at the Mars Space Flight Facility 
Spectroscopy Laboratory at Arizona State University using the 
spectrometer setup outlined in [Ruff et al., 1997]. This includes a modified 
Nicolet Nexus 670 FTIR spectrometer equipped with a cesium iodide 
beamsplitter, and an uncooled, deuterated triglycine sulfate detector. 
Samples are heated for a minimum of 24 hours in a gravity convection 
oven at or near a temperature of 80° C (maintained during measurement 
with a sample heater) to drive off adsorbed water, achieve isothermality, 
and increase signal strength. The samples are raised on an adjustable-
height platform with a staging surface to the interior of a copper canister 
(with a matt black interior surface) intended to behave like a blackbody 
cavity to help nullify the effects of instrument (background) radiance. The 
temperature of this canister is precision-controlled by circulating water 
within the chamber wall. Control of this temperature facilitates the 
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derivation of an environmental radiance value for calibration purposes 
(explained below). Sample position on the stage is determined visually by 
introducing a flat mirror into the optical path (the mirror is removed when 
collecting spectra). Spectra are taken at ambient pressure across the 
2000 to 200 wavenumber (~ 5 to 50 µm) mid-infrared spectral range. A 
total of 270 scans at a sampling of two wavenumbers are made and 
averaged by the spectrometer to produce the interferogram. The 
spectrometer and sample chamber are purged with nitrogen to minimise 
the absorption effects of atmospheric H2O and CO2, and to remove 
particulates. A schematic of this system is presented as Figure 3.1.
 Transforming the interferogram to calibrated radiance and 
emissivity uses the direct emission technique (method 1) of Christensen 
and Harrison (1993), which employs a quantitative understanding of, and 
procedure for removing, unwanted energy emitted from the background 
and instrument environments. Using a minimum of assumptions, the 
problem is approached algebraically and mitigated through careful control 
and measurement of artificial blackbody and sample chamber 
temperatures. In this discussion, radiant energy will be described for each 
algebraic term as the source emissivity (ε) times the hemispherical Planck 
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Figure 3.1. Schematic of thermal infrared spectrometer sample chamber, 
components, configuration, and calibration parameters.
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radiance (B) of the source in question, the latter derived at each source 
temperature using the Planck equation:
B = 2hc
2
λ5
1
e
hc
λkT  - 1
,                                         (3.3)
where h is Planck’s constant, c the speed of light, λ is wavelength, T is 
temperature, and k is Boltzmann’s constant. Background energy sources 
include components from 1) directly detected ambient environmental 
energy (εeBe), 2) environmental energy reflected by the sample (RsεeBe), 
where Rs is the sample albedo, and 3) instrumentation hardware internal 
to the housing. In practise, this latter energy includes some environmental 
energy external to the housing, but the radiance is cumulatively 
referenced as “instrument” energy (εiBi). Although many sources of 
photons included in the instrument energy term are surely impacting the 
detector, note that the instrument energy term is subtracted from, not 
added to, the signal measurement. This is a consequence of using an 
uncooled detector, the radiant energy from which dominates the net 
energy budget of the term and has the effect of reducing, not increasing, 
the voltage output.
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 At wavelengths where reflectivity is high (low emissivity), blackbody 
radiance of the sample canister will shallow the measurement if RsεeBe is 
not removed, so this reflected component is included in the calibration 
(though it may be close to negligible at other wavelengths). All variables 
are wavelength- and temperature-dependant. Figure 3.1 illustrates their 
distribution, and Table
 3.1 provides units for each parameter. The relationship of these 
parameters to the measured voltages (Vm) in the interferogram is given by 
the Christensen and Harrison (1993) method 1 formula (equation 7 in that 
paper; equation 2 in Ruff et al. (1997)):
Vm  = ε sBs  + RsεeBe  - εiBi[ ] f                            (3.4)
 Note from equation 3.4 that the instrument response function (f) 
must also be determined. The instrument response (output voltage/input 
wattage) is near linear over the wavelength range of interest, but some 
deviation persists that can affect radiance calibration, requiring the 
response function curve’s derivation as a ‘conversion factor’ for equation 
3.4. It is determined empirically at least once during each laboratory 
session by collecting measurements (Vb1 and Vb2) of high-emissivity, 
cavity radiator-type blackbody reference targets at two known 
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temperatures (100°C and 70°C, respectively). Corresponding radiance 
values for each target (Bb1 and Bb2) are derived using the Planck equation 
evaluated at the two temperatures. The response function is then 
calculated from:
f  = Vb1  - Vb2
Bb1  - Bb2
                                                  (3.5)
 Once the instrument response function is known, the instrument 
energy can be calculated using the 70°C blackbody radiance curve from:
εiBi  = Bb2  - 
Vb2
f                                                 (3.6)
Because of the matt black surfacing and construction of the sample 
chamber, εe can be assumed to be near 1 at all wavelengths3. Further, Be 
can be calculated directly from the Planck equation using the known 
circulating water temperature for the chamber walls. 
 Before equation 3.4 can be solved for sample emissivity, however, 
a calibrated radiance curve for the sample (Bs) is required. Knowledge of 
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3 As will be seen in Chapter 4, the chamber is not a perfect blackbody, and 
is capable of producing weak spectral features when heated. However, the 
assumption is sound for practical applications at ambient chamber 
temperatures.
the sample temperature is needed for this. Sample temperature is 
measured as the highest radiance or “brightness” temperature value 
derived from sample radiance instead of direct measurement (by a 
thermocouple, for example) using the Planck equation in reverse (solving 
for T instead of B):
 
T =  hν
ln 2πc2h ν 3 B( )−1  + 1⎡⎣ ⎤⎦ k
                                       (3.7)
where ν is frequency and ṽ is wavenumber. Because a blackbody has 
unity emissivity by definition, fitting a temperature-dependant blackbody 
radiance curve to the measured radiance of a sample in an area where at 
least one point at unity emissivity can be assumed (usually at one of the 
sample Christiansen frequencies), permits the scaling of the sample’s 
radiance to that of a blackbody with the same temperature. Depending on 
the validity of this assumption, absolute emissivities of 2-15% are 
achievable [Christensen and Harrison, 1993], typically less than 2% [Ruff 
et al., 1997]. Solving for Bs at the Christiansen frequency (Bs(cf)) allows the 
assumption that εs???1 at that wavelength because photons of this 
wavelength do not reflect from a mineral interface when the refractive 
index is equivalent to that of the surrounding medium (which is the case at 
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the Christiansen frequency); and if Rs ? 0, then, by Kirchhoff’s law, εs ? 1. 
Thus, at the wavelength in question, equation 3.4 reduces to
εiBi  = Bs(cf )  - 
Vm
f
 ,                                      (3.8)
a variation of equation 3.6 which can be solved for Bs(cf) and yield a 
temperature value using equation 3.7. This is performed for each 
Christiansen feature in the spectrum, converting radiance to temperature 
with the Planck function, and the highest temperature is then accepted as 
the brightness temperature of the sample. This sample temperature is 
then used with equation 3.3 to derive the full, calibrated Bs curve, and with 
1 - εs substituting for Rs by Kirchhoff’s law, equation 3.4 can be solved for 
emissivity at each wavelength to produce the calibrated εs spectrum. In 
longhand form, including raw instrument response function derivation, the 
relationship can be written as:
ε s  = 
Vm  - Vb2[ ]
Vb1  - Vb2[ ]
⎧
⎨
⎪
⎩⎪
⎫
⎬
⎪
⎭⎪
Bb2  - Bb1[ ]  + Bb1- Be
Bs  - Be
                          (3.9)
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The MER rover Mini-TES instrument uses a similar approach, with 
thermistors providing external blackbody calibration target temperatures, 
and atmospheric temperatures (representing the downwelling 
environmental component) obtained from measurements of the 15-µm 
atmospheric CO2 band [Christensen et al., 2003]. 
 Significant to the TIR study of meteorites is the frequent presence 
of metallic iron-nickel, which can have an impact on spectral appearance. 
The higher the metal abundance, the greater the value of the reflected 
environmental energy term (RsεeBe), which offsets the Rs ? 0 assumption, 
at Christiansen wavelengths for the silicate minerals in the target material. 
In the end-member case on an iron meteorite, reflectance is high at all 
wavelengths (see Chapter 4), resulting in depressed emissivity at all 
wavelengths by Kirchhoff’s law. In the case of a perfect reflector, the 
radiance defines that of a “greybody”. Thus in laboratory practice, when 
attempting to obtain a brightness temperature using points of unity 
emissivity on a metal-rich sample, the calibration procedure results in a 
wavelength-dependent sample temperature estimation error. In effect, the 
wrong Planck curve is selected for the emissivity-determining ratio. Since 
one point on the curve is constrained to unity in the emissivity calculation, 
the resulting emissivity curve has a slope toward the longer wavelength 
end as the error increases. Hence a pure metal emissivity curve will be a 
76
nearly straight line (reflection of the blackbody canister interior, producing 
a greybody curve for the metal sample) with a strong negative slope. 
Metal-rich spectra may therefore be dominated by downwelling radiance 
(the sample canister in the laboratory, the sky on Mars). Correcting for this 
error would involve direct sample temperature measurements (using, for 
example, a thermocouple) as opposed to brightness temperature 
measurements. This correction has not been applied to the database 
spectra, as the magnitudes of metal effects are not clear for the stony iron 
or chondritic meteorites where the effects may be present. See Chapter 4 
for further discussion on the behavior of metallic meteoritic iron in the TIR. 
Figures 3.2 through 3.4 present examples of TIR emissivity spectra for 
some of the most common meteoritic minerals (refer to Section 2.1.1).
3.3 Spectral Library
 Selected library meteorites are presented in Table 3.2 and 
Appendix B. Samples were provided through the Center for Meteorite 
Studies at Arizona State University, the NASA Antarctic Meteorite Working 
Group, Johnson Space Center, and from private collections. Nine of the 
samples are C chondrites, representing CB, CH, CK, CM, CO, and CV 
types; and 25 are ordinary chondrites representing the H, L, and LL 
groups with petrologic types ranging from 3 through 6. 
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Figure 3.2. Olivine spectra of varying forsterite (Fo) composition. 
Increasing magnesium content has the effect of deepening most 
absorption bands.
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Figure 3.3. Example of an enstatite spectrum. Compare with the Abee 
spectrum in Figure 3.5.
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Figure 3.4. Pyroxene spectra. Note the greater variety in absorption 
band position and depth than seen in olivine spectra (Figure 3.2), which 
corresponds to higher cation diversity among pyroxene groups.
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 Because the database was prepared in part to aid in the on-going 
detection and interpretation of meteorites on Mars using Mini-TES, it 
includes several specimens of low, moderate, and severe weathering 
intensities, reflecting different levels of water exposure in both hot 
(Northwest Africa, Sahara, Desert Southwest United States) and cold 
(Antarctica) desert environments. One sample cataloged as highly 
weathered (Carichic) is included to provide a probable end-member for the 
range of weathering states among O chondrites on Mars, with 
unweathered, pristine falls as the opposite end-member. The L5 “black” 
chondrite NWA2122 is included for added diversity, as is the Rumuruti 
chondrite NWA978. One E chondrite completes the range in oxidation 
state for the chondrite class. 
 The achondrite suite consists of one each of a eucrite, ureilite and 
howardite, though the Dhofar 007 eucrite classification is in discussion 
[Afanasiev et al., 2000]. The stony-iron group consists of two pallasites 
and three mesosiderites. Three spectra of undifferentiated chondritic 
fusion crusts are included, as is a thoroughly oxidized iron meteorite 
spectrum. Special consideration is given to dust-covered iron-nickel 
meteories as part of the study presented separately as Chapter 4, 
designed to evaluate the Mini-TES spectra of iron-nickel meteorites on 
Mars, and are not included in the Chapter 3 library.
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 Measured surfaces were either cut slabs or rough hemispherical 
surfaces from bulk samples. Spectra are presented in “data sheet” format 
in Appendix B, together with pertinent sample information. A photograph is 
included for each to aid in assessment of spectra, as some heterogeneity 
is possible in the case of weathered or brecciated samples. Compositional 
data is often sparse, except in the cases of the most frequently studied 
meteorites, and consists primarily of olivine and pyroxene mineralogy as 
percent fayalite, ferrosilite, and/or wollastonite, with occasional plagioclase 
and accessory mineralogy, but rarely as volumetric percent fractions of 
individual samples (Table 3.1; Appendix B). Meteorite data were obtained 
from [Connolly et al., 2007a; Connolly et al., 2007b; c; Connolly et al., 
2008; Connolly et al., 2006; Grady, 2000; Graham, 1984; Grossman, 
1994a; b; 1998a; b; 1999; Grossman and Zipfel, 2001; Russell et al., 
2002; Russell et al., 2004; Russell et al., 2005; Weisberg et al., 2009a; 
Weisberg et al., 2009b; Wlotzka, 1992; 1993a; b; 1994].
3.4 Discussion of Preliminary Results
 As with all reference materials, this library of spectra is expected to 
serve research efforts beyond those of the immediate study. While many 
new findings are anticipated, an assortment of preliminary observations 
are discussed below. 
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3.4.1 Ordinary Chondrites
 As might be expected from known mineralogies (discussed in 
Section 2.1.1), many meteorite types display moderate to wide variability 
in the depth, position, and shape of prominent absorption features, making 
them readily distinguishable from each other in the TIR. For example, 
though mineralogies are similar, high spectral diversity is observed 
between the three chondrite classes C, O, and E (Figure 3.5). Allende 
shows a strong olivine component, while the spectrum for the enstatite 
chondrite Abee shows (not surprisingly) a strong enstatite signature. The 
ordinary chondrite NWA5243 presents an admixture of olivine and 
pyroxene in subequal proportions its spectrum. Compare these spectra to 
those of the pure minerals in Figures 3.2, 3.3 and 3.4.
 Remarkable consistency is observed, however, among and 
between the ordinary chondrite groups (H, L, and LL), which are generally 
regarded as representing separate parent bodies [e.g., Lipschutz et al., 
1989] (Figure 3.6). These minor differences reflect what is known of 
ordinary chondrite mineralogy (discussed further in Section 3.4.3)
 Minor differences are observed among the various petrologic types; 
with increased absorption occurring near 1050 wavenumber among 
higherpetrologic types (5 and 6), together with a softening of the shoulder 
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Figure 3.5. Chondrite group spectra. Considerable differences in 
absorption band position and depth are observed between 
representatives of the three chondrite groups, carbonaceous (Allende), 
ordinary (NWA5243), and enstatite (Abee). Ordinary and carbonaceous 
chondrite groups show moderate similarities within the low wavenumber 
(Si-O bending mode) absorption bands located between 350 and 500 
wavenumber, possibly due to similar olivine/pyroxene abundances.
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Figure 3.6. Non-Antarctic ordinary chondrite spectra. Spectra 
representing the three ordinary chondrite groups H (Dag862), L 
(NWA5243), and LL (NWA2089), show minor differences. All three 
meteorites are finds of petrologic type 3 (least thermally 
metamorphosed). 
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Figure 3.7. The spectral effects of petrologic type among L chondrites. 
Increased absorption occurs near 1050 wavenumber (black box 
highlight) among higher petrologic types (5 and 6; NWA2122 and 
NWA091, respectively), with a simultaneous softening of the shoulder at 
~ 960 wavenumber (red box highlight). 
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at ~ 960 wavenumber (Figure 3.7). This may be due to recrystallization 
and grain coarsening in the higher petrologic types. The Antarctic samples 
tend to show lower spectral contrast than non-Antarctic samples (Figure 
3.8). A second round of spectra were collected for each of the Antarctic 
samples with identical results. The Antarctic meteorite surfaces are 
weathered and unpolished, with the fine-grained matrices showing a 
porosity under the hand-lens that could account for blackbody cavity 
radiation, together with potential fine-grained and nanophase weathering 
products. Further study is required to fully understand the reasons for 
these differences.
3.4.2 Carbonaceous Chondrites
 Well-defined spectra among the C chondrites include those for 
Allende, NWA1694, NWA2918, Sayh al Uhaymir (SAU) 290, Gujba, and 
Isheyevo, representing the CV, CK, CO, CH, and CB groups, respectively 
(Figure 3.9). The spectra for the CM and CB C chondrites NWA5376 and 
Bencubbin have lower spectral contrast. Considerably more diversity is 
observed among the C chondrites than for the O chondrites, particularly 
within the Si-O stretching band region (~900-1200 wavenumber). Again, 
these variations are not unanticipated based on known carbonaceous 
chondrite group mineralogies.
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Figure 3.8. Weathered Antarctic ordinary chondrites. The Antarctic 
samples were found to produce spectra of significantly lower spectral 
contrast than even highly weathered chondrites of the same class 
found outside Antarctica (compare with Figure 3.6). Each of the 
Antarctic samples were rerun in the spectrometer to verify this 
difference.
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Figure 3.9. Carbonaceous chondrite spectra. The carbonaceous 
chondrites exhibit more dramatic differences among their groups than 
the ordinary chondrites in the thermal infrared. Represented are a 
CO3.0 (NWA2918), CV3.2 (Allende), CH3 (SAU290), CK3 (NWA1694), 
and the three CB meteorites Gujba (CB), Bencubbin (CBa), and 
Isheyevo (CH/CBb). Considerable inclinations in slope apparent in the 
Isheyevo and Gujba spectra may be a partial consequence of the high 
fraction of elemental iron in these meteorites.
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 The spectra for the three CB meteorites show notable decreasing 
emissivity values toward their lower wavenumber ends. This could in part 
be a contribution from the high elemental iron-nickel fraction of these three 
meteorites present in sub-equal proportions with silicates and clearly 
visible in sample images (refer to Appendix B) which may have different 
overall impacts in proportion to the fraction of metal present.
3.4.3 Mineral Abundance Determinations
 Linear deconvolution models were applied to select meteorites from 
the library to calculate volumetric mineral abundances using the methods 
outlined in [Ramsey and Christensen, 1998]. Selected mineral library end-
members and their library designations included fayalite (WAR-FAY01), 
forserite (AZ-01), albite (WAR-0612), anorthite (BUR-340), and apatite 
(P1); together with a full suite of pyroxenes, including bronzite 
(NMNH-119793), bytownite (WAR-1384), enstatite (NMNH-38833), 
diopside (NMNHR15161), and augite (NMNH-119197). To assist in the 
detection of anticipated weathering products on Mars, a suite of iron 
oxides and oxyhydroxides has been included in the end-member 
selection. These include hematite (Fe2O3) (GTSH2-300), goethite (GTS2), 
lepidocrocite (LPS2), akaganéite (AKG1), magnetite (Fe3O4) (MTS4), and 
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a magnetite/maghemite (γ-Fe2O3) combination (MTSH4), all provided by 
and discussed in [Glotch et al., 2004]. 
 Data are presented in Table 3.3, with model fits included as 
Appendix C. The RMS error range of 1.15 to 1.33 among the highest 
spectral contrast spectra are considered only moderate fits at best, and 
could be the results of differences between library end-members and the 
mineralogy of meteoritic silicate minerals, the fine-grained nature of many 
chondritic matrices, and/or the presence of metal grains. Averages of 
model results for both H and L chondrites are compared with published 
averages for these groups [Dodd, 1981], recalculated to 100 percent after 
removing iron abundance values. Low-contrast spectra have been 
removed 
from the averages. 
 Among those spectra with very good to high spectral contrast, 
olivines and pyroxenes are seen to dominate mineralogies in roughly 
subequal proportions in both ordinary and carbonaceous chondrites, with 
apatite apparent in ordinary chondrites, together with minor amounts of 
plagioclase and iron oxides. Though these model estimates are not 
accurate reflections of published average mineral abundances, the relative 
abundances are comparable to expected values. Further, the relatively 
high fractions of iron oxides relative to silicate factions in both H and L 
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chondrites might be interpretable as a qualitative indication of weathering, 
which may be useful as a weathering assessment tool for hot and cold 
desert finds. Further study is required to quantify these effects. 
3.4.4 Other Observations
3.4.4.1 TIR Spectroscopy as a Preliminary Meteorite Classification 
Tool
 Allende (a CV3.2 C chondrite) has a prominent olivine absorption 
feature near 900 wavenumber. A strong similarity to the carbonaceous 
chondrite NWA3144, an unclassified meteorite with an unknown date of 
recovery, is apparent when comparing the two spectra (Figure 3.10). 
There has been speculation among collector circles that NWA3144 is a 
CV3 C chondrite, though as of August 4, 2010, the Meteoritical Society 
Committee on Meteorite Nomenclature has not approved this classification 
for the meteorite. Based on the spectral similarity to that of Allende, 
however, the TIR spectral library would appear to support the speculation. 
Also presented in Figure 3.10 is the spectrum for NWA978, which is listed 
as a R3.2 Rumuruti chondrite [Russell et al., 2002]. The Rumuruti 
chondrite group is thought to be distinct from C, O, or E chondrites, though 
similar in some respects to the ordinary group [e.g., Schulze et al., 1994]. 
However, given the broad diversity among TIR meteorite spectra in 
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Table 3.3. Linear deconvolution model results
Olivines Pyroxenes Plagioclase Apatite Iron oxides rms error spectral contrast
Sahara00182 0.00 63.71 28.95 7.34 0.00 0.37 very low
Isheyevo 24.54 29.94 15.56 0.00 29.96 1.33 high
Bencubbin 7.82 33.50 24.89 0.00 33.79 0.86 moderate
SAU290 33.17 46.96 0.00 0.00 19.86 0.80 very low
NWA1694 59.02 27.94 12.38 0.66 0.00 1.08 good
NWA5376 2.89 96.41 0.00 0.70 0.00 0.52 low
Allende 53.04 46.96 0.00 0.00 0.00 1.30 good
NWA3144 50.82 49.18 0.00 0.00 0.00 1.73 high
NWA978 59.21 35.75 4.21 0.83 0.00 1.57 very good
Dag862 50.30 39.21 10.49 0.00 0.00 1.15 high
Tulia 41.69 53.43 0.00 0.00 4.88 1.19 high
ALH77225 34.59 51.00 1.01 0.73 12.68 0.30 moderate
Juancheng 41.87 56.95 0.00 1.17 0.00 0.72 low
LEW86015 19.57 63.30 6.16 1.41 9.57 0.34 good
ALH77233 76.84 23.16 0.00 0.00 0.00 0.51 moderate
NWA2122 47.80 36.41 10.51 1.41 3.87 1.19 high
Bruderheim 42.12 47.96 3.21 3.21 3.50 0.83 good
Long Island 43.95 45.21 0.00 2.24 8.59 1.13 very good
Unnamed 29.03 58.48 0.00 1.68 10.80 1.09 good
NWA2089 39.53 58.09 0.00 2.39 0.00 1.17 high
NWA960 30.62 68.97 0.00 0.00 0.42 0.59 moderate
Dhofar007 16.58 53.84 16.18 3.58 9.82 1.22 very good
NWA2634 40.54 39.77 4.39 0.00 15.30 0.66 moderate
NWA3145 18.25 47.93 18.71 1.01 14.10 0.38 low
C chondrites
Arithmetic mean 32.28 47.82 9.55 1.06 9.29
Standard deviation 24.44 21.45 11.45 2.38 14.39
Variance 597.47 460.31 131.14 5.67 207.13  
H chondrites1 55.27 43.51 15.27 0.92 0.31
H chondrites
Arithmetic mean 44.14 47.84 2.94 0.55 4.52
Standard deviation 14.07 12.73 4.13 1.08 4.75
Variance 198.09 162.13 17.06 1.17 22.57
L chondrites1 62.58 36.35 14.25 0.80 0.27
L chondrites
Arithmetic mean 40.73 47.02 3.43 2.14 6.69
Standard deviation 17.15 12.96 7.23 1.32 5.83
Variance 294.09 168.04 52.33 1.73 34.03
Achondrites
Arithmetic mean 25.12 47.18 13.09 1.53 13.07
Standard deviation 13.38 9.77 8.27 1.32 6.08
Variance 178.95 49.91 58.41 3.41 8.30
1. Volumetric abundances recalculated to 100% minus metal fractions; based on data from Dodd (1981)
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Figure 3.10. CV3 chondrite spectra. Northwest Africa 3144 is formally 
unclassified, but suspected of being a CV3 carbonaceous chondrite. Its 
similarity to the Allende CV3.2 carbonaceous chondrite spectrum lends 
support to this classification. NWA978 is a Rumuruti chondrite, not 
considered to be related to the carbonaceous chondrite group. However, 
there is enough spectral similarity to Allende to suggest a possible 
relationship to CV3 chondrites. 
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general, and the spectral similarity to Allende in Figure 3.8, this preliminary 
review would seem to suggest a possible correlation to CV3 C chondrites. 
 These findings demonstrate the utility of TIR spectroscopy for 
making preliminary (and perhaps definitive) meteorite classification 
determinations. The method can be applied quickly to many samples in a 
single laboratory session. 
3.4.4.2 Fusion Crusts!
! Fusion-crusted chondritic surfaces, not surprisingly, also appear 
very different from the material beneath the crust in the TIR (Figure 3.11). 
These crusts are typically a millimeter or two in thickness, well beyond the 
mid-infrared optical thickness of ≥ 100 µm required to mask a substrate 
[e.g., Graff, 2003], and composed of glassy material, often partially 
devitrified, with microcrystallites of olivine. Unless intended for the library, 
care was taken to avoid fusion crusts when collecting spectra during this 
research.
3.4.4.3 Assessment of Weathering Products
 While many of the linear deconvolution analyses indicate the 
presence of iron oxides in meteorite finds, we do not see obvious 
evidence of these minerals in most of the plotted spectra, with the possible 
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Figure 3.11. Example of difference between fusion crusted surface 
(ALH84082a) and interior (ALH84082b) of an Antarctic ordinary 
chondrite. Additional examples of fusion crust spectra can be found as 
oc-007 and fc-001 in the library.
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exception of Antarctic meteorite LEW86015 (Figure 3.12). By the position 
of its two main absorption features, this meteorite may contain well-
crystalized lepidocrocite. Carichic is classified as a severely weathered 
ordinary chondrite find [Graham, 1984], containing detectable amounts of 
goethite and akaganéite by X-ray diffraction analysis [Ashley, 1995], but 
shows very little distinction from the unweathered ordinary chondrite fall 
Bruderheim (Figure 3.13). This is possibly due to passivation effects 
where alteration product growth in hot and cold desert environments is 
arrested by porosity reduction and tensile strength of the rock mass, 
resulting in a counterintuitively low volumetric abundance for the 
weathering product [Ashley, 1995; Ashley and Velbel, 2007; Bland et al., 
1998]. It should be noted that Bruderheim, while a fall with very little 
opportunity for oxidation, nevertheless shows a 3.5% normalized 
abundance of iron oxides in its linear deconvolution analysis, and some 
oxidation is also visible in hand specimen associated with the metal 
grains. However, these oxides are almost certainly the result of curatorial 
weathering, and are not as extensive as those of Carichic. Carichic did not 
yield usable linear deconvolution results.
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Wavenumber (cm-1)
Figure 3.12. Spectral evidence for lepidocrocite. Antarctic ordinary 
chondrite LEW86015 stands out among the Antarctic suite as having a 
possible lepidocrocite component (also compared to Canyon Diablo’s 
oxide coating, known to contain lepidocrocite).
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Figure 3.13. Comparison of weathered and unweathered meteorite 
spectra. No outstanding differences in absorption feature positions are 
observed between highly weathered (Carichic) and unweathered 
(Bruderheim) ordinary chondrite samples, which appears to suggest 
either that weathering products are not well-crystallized, or that the well-
crystallized fraction is present below detection limits. The spectrum for 
goethite, a mineral most likely to be present in Carichic as a weathering 
product, is included for comparison.
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3.5 Future Work
 The above observations are regarded as preliminary. Several 
immediate and future uses for these TIR meteorite spectra and spectra yet 
to be added to the database are anticipated. For example, in asteroid 
sample return missions, they may be useful for assisting sample selection 
and interpretation, and for improving the understanding of geologic context 
based on in-situ TIR measurements. The library may also find application 
to the database of Mini-TES spectra already acquired during the MER 
mission, some of which remain anomalous or “exotic” [e.g. Ruff et al., 
2007], and could be meteoritic or have meteoritic components (i.e. as 
clasts within impact breccia; e.g. Santa Catarina-type rocks [Schröder et 
al., 2009]). To the extent that some meteorites might be admixtures of 
other meteorites classes or groups, the library can assist in their linear 
deconvolution using the component meteorites as end-members.
 Lastly, efforts remain ongoing to expose the elevation mirror within 
the Opportunity Mini-TES optical system to local weather conditions on a 
routine basis, on the prospect that 1) much or all of the dust currently 
impacting data quality is located on this optical surface, and 2) that the 
cohesive properties of this dust are low enough that wind gusts are 
capable of removing it. Thus, with Mini-TES itself still functioning nominally 
independently of its optical system inside the rover chassis, the eventual 
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use of this instrument is not inconceivable. Likewise, the Spirit rover, 
though currently immobilised, is 1) not necessarily permanently so, and 2) 
its Mini-TES instrument, though also dust-impacted, does possess 
operational capabilities that render it useful for meteorite identification.
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4. INFRARED SPECTROSCOPY OF DUST-COATED IRON 
SURFACES WITH IMPLICATIONS FOR DUST THICKNESS OF 
METEORITES ON MARS
4.1 Introduction
The Miniature Thermal Emission Spectrometer (Mini-TES) 
measurement of three dusty iron meteorite spectra during the Mars 
Exploration Rover (MER) mission at both Spirit and Opportunity landing 
sites provides an occasion to study aspects of infrared energy behavior 
rarely encountered in the martian environment. Specifically, the spectra 
make it possible to help constrain dust thickness estimates on a metal 
substrate by exploring its effects on reflected downwelling atmospheric 
radiance in the thermal infrared (TIR). The assumption follows from the 
highly reflective nature of metal surfaces in the TIR (in contrast to 
emissivity-dominated thermal behavior for non-conductors), and the 
masking effects of dust on reflected radiance from the surrounding 
environment. 
The approach employed in this chapter is to reproduce and explore 
this behavior in a controlled laboratory setting with analog meteorite 
samples, with the goal of extrapolating relevant findings to what is 
observed on Mars. Dust can be applied in measured quantities in the 
laboratory, enabling the monitoring of reflected signal diminishment as 
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dust layers become optically thick. Additionally, because an iron 
meteorite’s oxidation intensity has direct implications for its water 
exposure history, which applies to the prime science objectives for the 
MER mission (see Chapter 2), oxidized surface considerations are 
incorporated into the experiments. This chapter therefore addresses the 
effects of dust on 1) an oxide-coated iron substrate, and 2) the reflective 
behavior of bare metal substrates in the TIR as an indirect measure of dust 
accumulation. While not entirely analogous to the martian situation, the 
results help inform dust thickness estimates for the iron meteorites on Mars 
at the times of their discovery. A brief treatment on potential morphologic 
(blackbody cavity) contributions to infrared radiance is included.
 The study of meteorites found on Mars represents a new 
subdiscipline in the planetary sciences, which may eventually extrapolate 
to other planetary bodies [e.g., Ashley and Wright, 2004; Ashley et al., 
2009; Chappelow and Sharpton, 2006b; Fleischer et al., 2010a; Fleischer 
et al., 2010b; Golombek et al., 2010; Johnson et al., 2010; Schröder et al., 
2008; Schröder et al., 2009; Squyres and Team, 2010]. These rocks are 
becoming recognized as having many potential applications to a variety of 
science objectives both Mars- and non-Mars-specific (see Chapter 2). 
Some of these are unanticipated until the conditions of sample discovery 
present themselves. That Mini-TES meteorite spectra provide an indirect 
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means for estimating martian dust thickness on a metal surface is an 
example of such an unforeseen application. The information is relevant to 
meteorite reconnaissance campaigns pursuant to the objectives outlined 
in Chapter 2, and of general interest to infrared spectroscopy.
 This study draws in part on the work of Graff [2003], using its method 
for the air-fall application of dust to sample surfaces, and its micrometer 
focuser dust thickness determination technique. Graff [2003] analyzed 
basalt, andesite, claystone, olivine rhodonite, siderite, hematite, and 
orthopyroxene surfaces with both altered and unaltered basaltic fines (< 
50 µm) using these methods. The study included visible and near-infrared 
reflectance, thermal emission, and backscatter Mössbauer spectroscopic 
measurements, and found that a minimum of 250 µm of dust (at an 
estimated density of ~ 0.1 g/cm3) was required to completely mask spectra 
at all wavelengths; with ~ 100-125 µm necessary to obscure most features 
in the TIR. Graff [2003] also found that substrate composition played a 
second-order role in affecting the critical thickness of coatings on rocks for 
obscuring thermal emission. The results of the present study suggest that, 
all other variables holding constant, an order of magnitude less dust is 
required to mask the surface of a metal than that of a silicate or oxide 
material in the TIR. Further, the low dust thickness found on meteorites 
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only a few centimeters high at both landing sites show that periodic wind 
gusts sufficient to clean metal surfaces are common near the ground.
4.2 Background and Experimental Rationale
4.2.1 Dust on Mars 
 Martian dust has been of interest since early telescopic 
observations revealed albedo variations resulting from bright surface 
deposits and storms that encompassed the planet, and speculation that an 
iron-oxide-rich dust was responsible surfaced as one possible explanation 
[e.g., de Vaucouleurs, 1950]. Martian dust is extremely fine, existing as 
both individual particles and aggregates [e.g., Herkenhoff et al., 2004; 
Kraft and Greeley, 2000], and appears to separate into a high-altitude 
component with very low settling rates, and a less-easily lofted surface fall 
component. Air-fall accumulation rate estimates for normal (non-storm) 
conditions from MER Panoramic Camera (Pancam) calibration targets is 
one grain diameter per 100 to 125 sols (martian days) for the two landing 
sites [Kinch et al., 2007]. The dust appears to be well mixed on a global 
scale, being distributed in part by planet-wide storm events [Greeley et al., 
1993; Ingersoll and Lyons, 1993], and is of interest primarily because of its  
ability to obscure (and thus prevent characterization of) underlying 
surfaces in the visible and infrared portions of the electromagnetic 
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spectrum [Christensen, 1986]. The extent to which variable dust 
thicknesses could mask spectral features of bare and oxidized meteoritic 
metal surfaces are unknown. 
 Efforts to characterize the mineralogy of martian dust are made 
difficult by the extremely fine particle size, which confounds most 
analytical techniques. Current understanding considers the dust to be a 
mixture of framework silicates (most likely plagioclase feldspar) with 
carbonate, sulfate, pyroxene, olivine, hematite, and magnetite, with poorly 
crystalized material comprising lesser portions [e.g., Hamilton et al., 2005]. 
Additional phases may include zeolites [Ruff, 2004], nanophase iron 
oxides [e.g., Bell et al., 2000], and carbonates [Bandfield et al., 2003; 
Christensen et al., 2004]. Many of these phases, together with the elusive 
clay minerals predicted for Mars by the models of water interaction with 
basaltic rocks, are typical of similar, dust-rich alteration materials on Earth 
[Bishop et al., 2007]. In addition, MER rover magnet experiments 
confirmed a dark component of up to two weight percent ferromagnetic 
minerals (e.g. magnetite and/or maghemite) [Bertelsen et al., 2004]. 
 It has been proposed that a large component of the dust may be 
the product of mechanical weathering of basaltic rocks with only minor 
chemical alteration [Bell et al., 2000; Hamilton et al., 2005], although 
mechanical energy has also been proposed for some of the oxidation 
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processes [Merrison et al., 2010]. It is possible (and perhaps likely) that a 
small fraction of the dust has a meteoritic origin, conceivably contributing 
to the ferromagnetic component. 
 Martian dust presents engineering and operational problems for 
robotic [e.g., Arvidson et al., 2004a; Arvidson et al., 2004b] and future 
human exploration. The dust can be removed from terrain and solar array 
surfaces by locally strong winds [Arvidson et al., 2004b], though a small 
portion tends to remain, probably resulting from electrostatic adhesion. 
4.2.2 Iron Meteorites on Mars
 The discovery of several iron meteorites at both Gusev Crater and 
Meridiani Planum by Mini-TES [Ruff et al., 2007; Ruff et al., 2008] has 
effectively added a surface type (metallic iron) to the TIR spectral 
database that is new to Mars science. On sol 339, the Opportunity Mini-
TES instrument measured anomalously low thermal emissivity for a rock 
located near the spacecraft heat shield (Figure 4.1). The Mini-TES spectra 
for Heat Shield rock 1 contain features unlike any rock observed previously 
on Mars up to that time, but similar to TIR spectra of the martian sky 
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1 Heat Shield rock was renamed Meridiani Planum officially by the 
Meteoritical Society Committee for Meteorite Nomenclature [Connolly et 
al., 2006], but the original name will be maintained here to avoid confusion 
with the Meridiani Planum locale.
Opportunity 
heat shield
~ 10 cm
a b
Figure 4.1. Heat Shield rock. This confirmed meteorite was found close to 
where the MER-B spacecraft heat shield came to rest after being 
discarded during entry-decent-landing (EDL) procedures (blue arrow in 
Figure 4.1a). Note dust distribution and deeply incised cavities. The grey-
toned area just left of center in Figure 4.1b has been cleared of dust by 
the Rock Abrasion Tool brush. Variations in dust thickness are evident in 
visible light by the range in hue, with the highest concentrations located 
within the more prominent hollows, which serve as sinks for the dust. 
Images: NASA/JPL/Navcam/Pancam.
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[Ruff et al., 2008] (Figure 4.2). It is well understood that metals are 
strongly reflective at all infrared wavelengths (see Section 3.2.4 below) 
and should therefore be capable of reflecting thermal energy downwelling 
from the martian atmosphere. The Heat Shield rock Mini-TES spectra 
were therefore consistent with those for a metallic object, likely to be an 
iron meteorite and not part of the nearby heat shield wreckage (although 
this was debated as a possibility before approaching the rock). The 
meteoritic nature of the rock was later confirmed by Mössbauer 
mineralogical signatures [Morris et al., 2006; Schröder et al., 2008], Alpha 
Particle X-ray Spectrometer (APXS) measurements of iron, nickel, gallium, 
and germanium abundances [Schröder et al., 2008], and physical features  
identified with the Microscopic Imager (MI), specifically the Widmanstätten 
pattern, consistent with those of iron octahedrite meteorites (see Chapter 
5). The rock has now been formally classified as a IAB-complex iron 
meteorite [Connolly et al., 2006], and is the first officially recognized 
meteorite to be found on another world, though some materials recovered 
from the Moon during the Apollo program are believed to be of a meteoritic 
origin [e.g., Steele et al., 2010]. 
 Heat Shield rock is approximately 31 cm along its long axis, with a 
heavily pitted surface, and an uneven distribution of dust visible in 
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Figure 4.2. Mini-TES spectra of iron meteorites on Mars. Iron meteorites 
appear anomalous in the TIR because they reflect their environment. 
Hence the spectral similarity of Heat Shield rock, Zhong Shan, and Allan 
Hills to the martian sky in brightness temperature space. A spectrum of a 
typical martian basalt (green) is included for comparison. Reproduced 
from [Schröder et al., 2008]; figure by Steve Ruff.
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Pancam MI images (Figures 4.1b and 4.3). Portions of a Rock Abrasion 
Tool (RAT)-brushed area show a dark and discontinuous coating (purple-
hued in false-color Pancam composites and decorrelation stretches using 
432 nm, 535 nm, and 753 nm filters [e.g., Johnson et al., 2010; Farrand et 
al., 2007]) interpreted to contain iron oxides/oxyhydroxides based on 
Mössbauer and APXS measurements [Schröder et al., 2008], and on 
multi-filter Pancam image analysis [Johnson et al., 2010]. Significantly for 
the purpose of assessing potential weathering rinds, a greater ferric oxide 
crystallinity than that found in wind-blown soils was indicated within Heat 
Shield rock’s cavities, which appear to be sinks for dust, by an elevated 
535 nm Pancam band depth [Schröder et al., 2008]. The spatial area of 
iron oxides was not high enough to register above detection limits in Mini-
TES spectra. However, subsequent MI image analysis of discontinuous 
coatings on other iron martian finds spectrally similar to those of Heat 
Shield rock [Johnson et al., 2010] has determined them likely to represent 
alteration products resulting from water interaction (see Chapter 5).
 Two additional meteorites (Zhong Shan and Allan Hills, found less 
than two meters from each other) were identified at Low Ridge in Gusev 
Crater by Spirit’s Mini-TES on sol 858 [Ruff et al., 2007], and are visible in 
a high-resolution Pancam image mosaic (McMurdo Panorama) assembled 
at the time (Figure 4.4). The fact that two iron meteorites were found 
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Figure 4.3. Microscopic Imager mosaic of Heat Shield rock surface. 
Collected on sol 347, the mosaic shows the RAT-dust-cleared area (red 
ellipse), with discontinuous oxide coating (C). Dust thicknesses also 
appear to vary from optically thin (teal arrow) to optically thick (red arrow) 
at visible wavelengths across the irregular surfaces. The white arrow 
identifies wind-blown sand grains and clumped dust after brushing. NASA/
JPL/MI.
C
C
~1 cm
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~10 cm
Zhong Shan
Allan Hills
Figure 4.4. Gusev Crater iron meteorites. This portion of the McMurdo 
Pancam panorama, shows approximate true-color images of Zhong Shan 
and Allan Hills (light-toned rocks at left and right, respectively). Though 
dust can be seen on their surfaces, Mini-TES spectra indicated reflected 
downwelling atmospheric radiance, indicating the dust layer to be less 
than optical thickness in the TIR (see Figure 4.2). Image: NASA/JPL/
Pancam.
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together may or may not be significant. Zhong Shan and Allan Hills are 
likely to be paired individuals (from the same fall), however these rocks 
were not approached by Opportunity because of engineering hazard 
concerns over a seven-degree approach slope angle, so they could not be 
placed within the work volume of the Instrument Deployment Device (IDD; 
rover instrument arm). It is therefore not known whether these rocks have 
similar coatings to those of Heat Shield rock (or the meteorites discussed 
in Chapter 5) on their surfaces. Additional rocks visible at greater 
distances in the McMurdo Pancam image mosaic appear morphologically 
similar to Zhong Shan and Allan Hills, and may also be meteorites. All 
three iron meteorites, Heat Shield rock, Zhong Shan and Allan hills have 
measured dust components in their Pancam spectra [Nuding and Cohen, 
2009], and are visibly dusty in Pancam images, and Microscopic Images 
(for Heat Shield rock only; Figure 4.3).
 Since sol 858, at least 13 additional Mars rocks are confirmed as 
candidate meteorites, three of which are irons, including the informally 
named Block Island, Shelter Island, and Mackinac Island rocks at 
Meridiani Planum (see Chapter 5). These were discovered after 
Opportunity sol 1960, which postdates a global dust storm event that 
significantly compromised Mini-TES optical performance beginning around 
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sol 1217. No TIR measurements could therefore be collected for these 
rocks.
4.2.3 Standard TIR Spectroscopy (for Non-conducting Materials)
 Thermal infrared spectroscopy has been highly successful as a tool 
for the remote sensing and assessment of regional rock compositions and 
individual mineralogical signatures on planetary surfaces from orbit, and 
for individual rock targets from ground-based detectors [e.g., Bandfield, 
2002; Christensen et al., 2000; Christensen et al., 2004; Christensen et 
al., 2005; Hook and Kahle, 1996; Ruff et al., 2007; Salisbury and Walter, 
1989; Salisbury et al., 1995]. The method relies on absorption features 
produced by fundamental atomic bond vibrations and their harmonic 
overtones, which tend to have frequencies in the TIR, and which are 
typically diagnostic of the materials they comprise. The introduction of dust 
loading atop a reflective surface augments the discussion of Section 3.2.1 
with the complication that before opacity is reached, photons arriving at 
the detector come from 1) dust emission, 2) emission from the substrate, 
attenuated by the dust, and 3) emission from dust reflected off the 
substrate and then attenuated by the dust.
 The Mini-TES instruments on Spirit and Opportunity conduct routine 
remote sensing of targets on Mars that are typically of silicate, sulfate and 
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oxide-dominated rock surfaces, and also of dust or atmospheric origin 
[Glotch and Bandfield, 2006; Glotch et al., 2006; Ruff et al., 2007]. Metallic 
iron is regarded as an anomaly among this standard suite of TIR signal 
types. Mini-TES is a Fourier transform infrared spectrometer operating 
over a spectral range of ~ 5 to 29 µm (1997.06 to 339.50 cm-1) with a 
spectral sampling of 9.99 cm-1 [Christensen et al., 2003]. The instrument 
uses a deuterated triglycene sulfate detector with a KBr beamsplitter. 
Measurements are collected through the rover’s Pancam Mast Assembly 
(PMA), which functions like a periscope [Squyres et al., 2003], and are 
delivered to the Mini-TES instrument through a cassegrain optical system. 
The instrument itself is mounted inside the warm electronics box within the 
rover chassis (Figure 4.5). The PMA contains three Mini-TES-related 
optical elements, including a fixed mirror, a movable elevation mirror, and 
a CdTe window at the base of the PMA tube. It is suspected that at least 
one (and possibly all three) of these optical surfaces received coatings of 
wind-blown dust following the Mars global dust event beginning around sol 
1217 (June 2007).
4.2.4 TIR Spectroscopy for Metallic Iron
To establish that an iron meteorite should be reflective in the TIR, 
the behavior of electromagnetic interactions at an interface with 
118
Mini-TES instrument housed within 
Warm Electronics Box.
Figure 4.5. Mars Exploration Rover schematic. The location of the 
Miniature Thermal Emission Spectrometer (within the Warm Electronics 
Box), and optical components (within the Pancam Mast Assembly) is 
shown in red outline.
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conductive materials will be briefly examined. Conductors are 
characterized by the presence of highly mobile electric charges, which are 
carried by electrons with very low at-traction to atomic nuclei. The optical 
behavior of metals is determined by the dielectric constant (a measure of 
how freely electrons can move within the material), the electrical 
permeability (µ), and the electrical conductivity (σ), all of which are 
wavelength-dependent. The latter two parameters are related to an index 
of attenuation or extinction coefficient (κ) for electromagnetic energy 
penetrating the surface, by the following, taken from Garbuny [1965].
                           κ  = µσ
ν
 ,                  (4.1)
where ν is frequency. The dielectric constant is negligibly small in the case 
of metals and is therefore omitted from the equation. The skin depth of a 
material (d) (over which incident radiation intensity is reduced by a factor 
of e ) is given as:
                        d  = 1
4π
cλ0
µσ
                                                (4.2)
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 Empirical data for metallic iron at 20° C with an electrical 
conductivity of 9 x 1016 sec-1 [Garbuny, 1965] demonstrate how reflectivity 
approaches unity as d/λ0 tends to zero (Table 4.1). This is illustrated by the 
non-ideal behavior of electrons, which though of very low mass, do exhibit 
some inertia, and therefore resist motion at increasingly higher 
frequencies. At frequencies below those corresponding to the near-
infrared region, electrical conductivity rapidly increases. The 
penetration depth approaches zero as the conductivity approaches infinity, 
resulting in total reflection in the ideal limiting case (Figure 4.6). A more-
specular (mirror-like) reflectivity can therefore be anticipated at mid-
infrared and longer wavelengths than at visible wavelengths. Hence, an 
unpolished iron meteorite, known to be poorly to moderately reflective at 
visible wavelengths, will reflect its environment effectively in the TIR. Thus 
for iron and an incident wavelength of 0.51 µm, we have a reflectivity of 55 
percent, where at 1.0 µm, the reflectivity increases to 65 percent 
[Garbuny, 1965]. Refer to Section 3.2.2, Figure 3.1, and Table 3.1 for a 
description of how radiance is calibrated and emissivity calculated. 
 As with any material, the radiance measured from a metallic body 
has a reflected component and an emitted component, but high reflectivity 
(R) means that emissivity (E) is low for metals by Kirkhhoff’s law (equation
121
Table 4.1. Empirical reflectivity data for iron from Garbuny (1965).
σ (sec-1) λ d (cm) 1 - R
9 x 1016 1 μm 4.58 x 10-7 1.15 x 10-1
100 μm 4.58 x 10-6 1.15 x 10-2
1 cm 4.58 x 10-5 1.15 x 10-3
1 m 4.58 x 10-4 1.15 x 10-4
10 km 4.58 x 10-2 1.15 x 10-6
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Figure 4.6. Plot of iron data from Garbuny (1965). The chart 
demonstrates an asymptotic approach to total reflection with increasing 
wavelength. The inflection point at ~ 100 µm is relatively close to the 
beginning of the thermal infrared, beyond which the effects of electron 
inertia within the metal become negligible, permitting freer translational 
motion, and resulting in specular reflection.
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3.1). In the environment of the laboratory spectrometer, a specular surface 
means that more background energy (εeBe) is reflected to the detector, 
particularly when the sample temperature is lower than the canister 
temperature [e.g., Ruff et al., 1997].
 An ideal reflector thus exhibits “greybody” behavior, as opposed to 
an ideal emitter, which exhibits blackbody behavior. The environmental 
component (εeBe) comes primarily from the walls and ceiling of the near-
blackbody canister in the laboratory. On Mars, this component comes from 
the sky and immediate surroundings and is not blackbody in character. 
Spectral departures from an ideal greybody emitter (as in the case with an 
iron meteorite on Mars) can be the result of 1) reflected radiance 
contributions from the surrounding environment, 2) effects of the surface 
morphology (i.e. blackbody cavities), 3) surface dust, and/or 4) surface 
coatings.
4.3 Laboratory Methods
4.3.1 Spectrometers and Setup
 This study used both a field-portable Micro Fourier Transform 
Interferometer (µFTIR) [Hook and Kahle, 1996], and a Nexus 670 FTIR 
spectrometer, both at Arizona State University’s (ASU’s) Mars Space 
Flight Facility. The Nexus 670 spectrometer is equipped with a cesium 
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iodide beamsplitter, and an uncooled, deuterated triglycine sulfate 
detector. Samples are heated for a minimum of 24 hours in a gravity 
convection oven at or near a temperature of 80° C (maintained during 
measurement of small samples with a heated plate) to drive off absorbed 
water and increase the signal-to-noise ratio. The samples are raised on an 
adjustable height platform to the interior of a temperature-controlled 
copper canister (with a matt black interior surface) that behaves as a 
blackbody cavity to reduce the effects of instrument radiance. Data are 
collected at ambient pressure within the 2000 to 200 wavenumber (cm-1) 
(~ 5 to 50 µm) mid-infrared range. A total of 270 scans at a sampling of 
two wavenumbers are made and averaged by the spectrometer to 
produce an interferrogram. The spectrometer and sample chamber are 
purged with nitrogen to minimize the absorption effects of atmospheric 
H2O and CO2 and remove particulates. A schematic of the standard 
system, explained in detail in [Ruff et al., 1997], is presented as Figure 3.1 
in Chapter 3. For the configuration involving reflected radiance, the 
temperature of the sample was allowed to equilibrate to ambient levels, 
and the canister energy (represented as εeBe in Figure 3.1) was increased 
to produce a signal from an artificial control (discussed in Section 4.3.2.2) 
with the sample stage lowered to a position more receptive to this 
downwelling signal (Figure 4.7). The µFTIR collects radiance from 7 to
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To interferometer and detector
7.5 cm 
parabolic 
mirror
Sample stage
Unheated sample
Adjustable-height platform
Simulated downwelling radiance
Sample-reflected radiance
Quartz-based sandpaper (500-710 !m)
Water-heated canister (56° C)
Figure 4.7. Spectrometer configuration for reflected signal measurement.
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14 µm with mercury cadmium telluride detector/dewar assembly and zinc 
selenide viewing optics. It has a 6 cm-1 spectral resolution, and was used 
for a limited number of measurements because of its large (7.6 cm) image 
diameter. 
4.3.2 Samples and Preparation
 A 10,195 g sample of the Canyon Diablo meteorite was obtained on 
loan from the Center for Meteorite Studies at Arizona State University. The 
sample was selected for its size, oxide coatings, and deep cavities, 
characteristics that are comparable to those of Heat Shield rock (Figure 
4.8). It therefore serves as an analog for Heat Shield rock, and will 
hereafter be referred to as the “10 kg analog”. The sample also has a 
smooth undersurface for comparison with the pitted upper surface. 
Canyon Diablo is a IAB coarse octahedrite, implying a possible genetic 
link to Heat Shield rock, classified as a IAB complex iron [Connolly et al., 
2006]. That the two specimens could share a common parent body is an 
interesting and unusual consideration for the study, but does not 
necessarily contribute to the results, except in noting the novelty that the 
10 kg analog is not technically an analog if part of the same rock. In 
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~10 cm
Figure 4.8. Morphologic comparison of Heat Shield rock (left) to Canyon 
Diablo meteorite analog sample used in experiments (right). The RAT-
brushed surface is visible as a steel-grey patch just left of center. Hollows 
are clearly sinks for the accumulation of dust. The difference in color 
between these sink locations and the lightly dusted higher surfaces 
shows that some dust accumulations are not optically thick in visible 
light. In such a case, the laboratory sample would not be an analog, but a 
fragment of the same rock mass. Units in Figure 4.8b are in centimeters.
ba
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addition to the 10 kg analog, a 44.8 g cut and polished slab of Canyon 
Diablo was used to generate a more specular reflected beam for the 
spectrometer. The field spectrometer was used only briefly for cavity 
assessment of the 10 kg analog because of its 7.6 cm spot size. However 
the laboratory spectrometer can also can be used with a larger spot size 
by lowering the sample to a position below the sample chamber, as was 
done for all measurements of the 10 kg analog sample.
4.3.2.1 Oxidized Surface Preparation
 No preparation beyond heating was necessary for the natural, 
weathered surface of the 10 kg analog sample. Because of the large size 
of the sample, a contact thermocouple was used to monitor sample 
surface temperature to ensure a high signal, and to assist with calibration. 
The oxide and oxyhydroxide coating of Canyon Diablo has been 
determined to consist primarily of goethite, maghemite, and lepidocrocite 
[Buddhue, 1957]. One or more of these minerals were therefore 
anticipated in the spectrum collected from the pre-dusted surface. Of 
these, lepidocrocite showed the strongest similarity, with its two main 
absorption bands at approximately 480 and 1000 cm-1 coinciding with 
those of the 10 kg analog sample (Figure 4.9).
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Figure 4.9. Canyon Diablo oxidized surface spectra comparison with 
lepidocrocite.
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4.3.2.2 Bare Metal Surface Preparation
 Following cavity and oxide coating assessment, approximately one 
half of the 10 kg analog sample was sandblasted to the bare metal using a 
100-170 mesh size glass bead blasting medium at Arizona State 
University’s Department of Engineering Machinist Shop to remove the 
oxide coating in preparation for reflected emissivity experiments (Figure 
4.10). Care was taken to remove coating materials from within all cavities 
on this half of the sample. The 44.8 g cut and polished Canyon Diablo slab 
was evaluated in tandem with the 10 kg analog sample for all reflected 
emissivity measurements.
4.3.2.3 Dust Application
 Palagonitic dust in the < 1 mm size fraction (sample HWMK101; 
collected from Mauna Kea Volcano [Graff, 2003] in the same source area 
as HWMK919 characterized by [Morris et al., 2001]) was used as an 
analog for Mars dust. It should be noted that, though a reasonable VNIR 
analog, this material is not considered as close a match to Mars Global 
Surveyor or MER mid-infrared dust spectra [Hamilton et al., 2008]. For 
thicknesses above ~ 10 µm, the dust deposition chamber (“PigPen”) and 
air-fall methodology developed by Graff [2003] was employed to uniformly
131
Figure 4.10. Bare metal surfaces of Canyon Diablo. The oxide coating was 
completely removed with a sandblasting medium to expose a bare metal 
substrate from approximately half of the rock (grey-toned left half in the 
Figure 4.10a image). The 44.8 g sample (Figure 4.10b) has a polished 
surface and exhibits specular reflection, in contrast to the 10 kg analog’s 
rough natural surface, which does not exhibit specular reflection.
a b
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coat meteorite samples. This chamber is a dust-tight space 63 x 49 x 35 
cm in volume, with an agitation unit for disaggregating and lofting dust 
through its perforated lid by means of an external control box [Graff, 
2003]. Two internal fans distribute the dust evenly throughout the chamber 
(Figure 4.11a). Dust is allowed to settle by air-fall onto sample surfaces. 
An aluminum witness disc and ring are placed within the chamber to 
measure dust thickness on a uniform substrate (Figure 4.11b). Dust was 
applied in increments to a maximum thickness deemed sufficient to 
obscure radiance of the underlying substrate as demonstrated by previous 
studies. Dust thickness was measured after each application using a 
micrometer focuser and averaged over five locations (Table 4.2).
 Only the 10 kg sample was used for the oxide coating study. 
Irregularities in sample morphology on the 10 kg meteorite can effect 
positioning repeatability in the sample chamber. Special care was 
therefore taken to minimize positional shifting between the collection of 
spectra, but some reposition error was unavoidable, and may be evident 
in spectra.
$ To make finer (≤ 20 µm) applications of dust, a second air-fall 
apparatus (“GeckoPen”) was devised involving a modified dispersion
133
Figure 4.11. Macro-dust application apparatus. The system coats the 10 
kg Canyon Diablo sample and accompanying aluminum witness disc 
uniformly by air-fall settling of dust grains lofted by a rotor within the 
perforated dust unit. Dust was applied in increments to an optically thick 
maximum.
a b
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method. This unit consists of a vertical 4.5-inch inner diameter, 
polyvinylchoride (PVC) tube capable of accommodating a small sample 
together with a blue-colored (to provide maximum contrast with the red-
brown-orange dust) witness surface. Small measures of dust are 
introduced by a blast of compressed air through a constricted side-port. A 
wire-mesh screen encourages disaggregation. A large-diameter, tapered 
cork top is emplaced loosely to minimize back-pressure within the 
chamber, thus permitting freer air flow and dust dispersion (Figure 4.12). 
Because it was found through experiment that a sustained blast helps to 
reduce flocculation, the compressed air canister trigger is held firmly for a 
minimum of two seconds to establish turbulent flow within the chamber. 
Dust is then allowed to settle as in the previous method. A trial-an-error 
approach to using this apparatus can result in very small dust deposits on 
a sample surface. However, these small amounts tend to coat 
incompletely, requiring a percent coverage estimation in connection with    
average grain height measurements. These were made using a standard 
geologic percent estimation chart [Compton, 1985]. 
4.3.2.4 Downwelling Radiance Control
 To test the effect of environmental radiance (εeBe) on sample-
reflected signal strength, the canister was set to each of 8°, 24°, 36°, and 
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Figure 4.12. Micro-dust application apparatus. This device was used for 
fine control of dust coating thickness. A small aliquot of dust is introduced 
through the side port and allowed to air-fall after a short but sustained 
blast of compressed air delivers it through a wire-mesh screen to the 
larger-volume sample chamber. A barely visible 80% ~2 µm coating is 
displayed on the witness disc.
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56° C temperature presets, and used as a blackbody emitter with the 
meteorite slab reflecting this radiance at ambient temperatures. The 
calibrated radiance curves for this test show an expected trend of 
increasing signal strength, combined with a shift of maxima toward shorter 
wavelengths, with increasing temperature (Figure 4.13). 
To simulate the spectral effects of downwelling martian atmospheric 
sky radiance, a layer of sandpaper was applied to the interior sides and 
roof of the spectrometer’s copper sample canister and its temperature 
adjusted by circulating heated water within this unit to increase the signal 
strength (green lines in Figure 4.7). This action shifts the primary energy 
source and spectrum from the εsBs term to the RsεeBe term in equation 3.3. 
Only the maximum sample chamber temperature of 56° C was effective in 
producing non-chaotic spectra in this configuration. Initial tests with garnet 
and corundum sandpapers confirmed that some energy emitted by the 
walls of the sample chamber is reflected to the detector by the sample — 
a necessary precondition for the experiment. However, these materials 
produced only a low spectral contrast mineral component, which was 
difficult to detect. Also, because the canister is deigned to function like a 
blackbody cavity, the downwelling radiance from this unit tends to reduce 
the overall spectral contrast of the signal detected. Therefore, to increase 
spectral contrast, an artificial quartz-based sandpaper was created using a 
138
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Figure 4.13. Calibrated radiance curves for sample chamber canister 
blackbody signal reflected from polished Canyon Diablo slab. The curves 
demonstrate the anticipated outcome of stronger signal with a shift in peak 
frequency to shorter wavelengths with increasing temperature from 8 to 56 
degrees C. 
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craft bond multi-purpose, rubber-based spray adhesive, and 510-700 µm 
diameter sieved quartz grains. Quartz was chosen for this experiment 
because of its greater spectral contrast in the TIR [e.g., Wald and 
Salisbury, 1995] over those of either garnet or corundum (Figure 4.14). 
 To complete an appropriate experimental matrix, spectra were 
collected for both the sandblasted 10 kg analog and polished metal slab 
for both heated and ambient temperature sample configurations (with the 
sample chamber either heated or at ambient temperature in contrast to the 
sample), and also with and without the quartz control in place (Table 4.3; 
X’s indicate chaotic spectra). The approach is outlined in the flowchart 
presented as Figure 4.15. Notes collected during analysis are summarized 
in Appendix D. As sample temperatures were noted to increase gradually 
during measurement from the downwelling heat of the canister, care was 
taken to collect spectra at a time when the temperature difference 
between the sample and canister wall (ΔT) were at the maximum for all 
measurements. Samples were allowed to reheat in the convection oven 
following dust applications for a minimum of 24 hours between 
measurements.
140
Figure 4.14. Sandpaper spectra. Quartz was chosen as a more suitable 
artificial control for the downwelling source material than manufactured 
corundum or garnet sandpapers because of its higher spectral contrast.
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Martian Iron-nickel Find Analog Evaluation Flowchart
Coat all sample 
surfaces with Mars 
analog dust in stages 
from << to > 300 µm
Obtain additional 
spectra between 
coating iterations
Acquire thermal 
emission spectra 
using large spot size 
Smooth surface
Cavity surface
Sandblast half of 
surface free of 
coatings to bare metal
Obtain meteorite 
specimen 
comparable in size 
and morphology to 
martian finds
Evaluate
Obtain cut and 
polished sample of 
same analog 
meteorite
Tuesday, July 27, 2010
Figure 4.15. 10 kg analog evaluation flowchart.
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4.4 Results
4.4.1 Oxidized Surface Evaluation
 The non-dusted, oxidized 10 kg analog Canyon Diablo surface 
spectrum does not present  obvious evidence for metallic spectral 
behavior, indicating that the oxide coating is probably optically thick in the 
infrared. Canyon Diablo samples have been exposed to the Colorado 
Plateau environment for approximately 49,000 years [e.g., Kring, 2007], 
and often have thick (> 2mm) oxide scale surfaces. This reported 
thickness is consistent with observations made during sandblast removal 
of the coating for this 10 kg sample. Figure 4.11 shows the dust 
thicknesses on aluminum disc witness samples in stages from 0 to ~ 364 
µm, which is beyond optical opacity based on the results of Graff [2003]. 
The corresponding spectra are presented in Figure 4.16. The strong 
absorption band at ~ 480 cm-1 is present to varying intensities for all but 
the thickest dust loading, while more subtle features, such as the weak 
absorption at ~ 1000 cm-1, become indiscernible with even the lightest 
dusting. As dust thickness increases, all features diminish until they are no 
longer discernible, and are replaced by the features of the dust itself. 
Minor variability in the spectra may reflect both increasing dust thickness, 
the irregular morphology of the specimen, and or localized clumping of the 
dust. The thicknesses required to mask spectral signatures of the 
144
Figure 4.16. Oxide surface dust loading results.
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underlying substrate at all wavelengths is consistent with the findings of 
Graff [2003].
4.4.2 Bare Metal Surface Evaluation 
 As optically thick layers of oxide materials will mask the infrared 
emissivities of metals [Harrison and Brewster, 2009], it is recognized that 
the direct TIR measurement of an oxide-coated iron meteorite should 
produce an emissivity spectrum unaffected by the metal substrate, as 
discussed in Section 4.4.1 above. However high-reflectance, low-
emissivity, clean metal surfaces reflecting emission from the walls of the 
sample canister may produce anomalous spectral features. The laboratory 
system is not optimized to produce spectra in the experimental 
temperature configuration shown in Figure 4.7 with signals emitting from 
quartz grains lining the interior canister surfaces. For the purposes of this 
experiment, however, it was not essential to have geologically meaningful 
spectra, but merely spectra with recognizable features. Reduced signal 
strength across all wavelengths for the reflected quartz signal are likely 
the result of the sample canister behaving close to (but not precisely like) 
an isothermal blackbody (its designed purpose). In addition, the S/N, 
which influences spectral contrast, will be lower for the polished metal 
surface than for the oxidized surface because of the lower source 
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temperature (56° vs 80° C). Thus, in the TIR, a polished meteorite slab 
exhibits specular reflectance, and so functions as just one more optical 
element in the spectrometer until it is loaded with dust. Minor absorption 
bands seen in the quartz paper spectrum but not the pure quartz spectrum 
may be attributable to the spray adhesive used in sandpaper preparation. 
The adhesive is infused with industrial aerosols E-421, E-422, and other 
high vapor pressure organic hydrocarbons. Although most of this material 
is expected to volatilize during drying and heating, leaving a largely 
amorphous and optically thin coating behind, it is likely that residual 
compounds remain in the adhesive that can influence spectral features. A 
separate measurement of this adhesive alone did not produce a 
meaningful spectrum. However, as the intent for this experiment is simply 
to monitor the incremental dust-masking of a signal, the spectral quality is 
less of an issue than its simple detection and recognition. The main 
absorption bands for quartz at ~ 490, 1100, and 1200 cm-1 are evident in 
the spectrum (Figure 4.17), successfully demonstrating reflection of the 
downwelling signal. 
A dust thickness of ~ 14 µm was sufficient to completely obscure 
reflective effects previously evident on the non-dusted (0 µm), polished 
slab surface. It should be remembered that photons received from the 
quartz control must pass through this dust twice, once to reach the 
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Figure 4.17. Reflected quartz emissivity. A visible reduction in 
reflected signal strength is noted for as low as an 80 percent areal 
coverage of a 2 µm (essentially the dust particle thickness) film of 
dust on the bare surface. The blue curve is the direct measurement of 
a quartz sandpaper sample. Also included is the spectrum for the 
ASU library sample of quartz (#479).
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substrate, and once to reach the detector, resulting in an effective ~ 28 µm 
optical path length through the dust. Nevertheless, we see that it requires 
approximately one order of magnitude less dust to obscure reflected 
emissivity from a polished iron surface than emissivity from a natural 
oxidized surface in the TIR. The reflected quartz spectrum was still evident 
in a ~ 2 µm (4 µm total photon path length) dust deposit at ~ 80 percent 
coverage, but already appears significantly more attenuated than was the 
case at ~ 28 µm (Figure 4.18). Future experiments using GeckoPen will 
attempt to narrow the range between 4 and 28 µm. 
Thin dust thicknesses coating the surfaces of iron meteorites on 
Mars demonstrate that winds are active close to the surfaces of both MER 
landing sites. The TIR data are consistent with MI images of Heat Shield 
rock, which show a dust layer thin enough in limited regions to permit 
recognition of oxide coating and other substrate features at visible 
wavelengths. However, the results do not extrapolate in a straightforward 
way to the martian situation. As discussed, blackbody contributions from 
the laboratory sample canister shallow absorption features in the reflected 
quartz spectrum, reducing spectral contrast, which is not the case with 
downwelling radiance from the martian sky. Further, 1) the quartz medium 
itself is not an ideal substitute for the martian sky, 2) atmospheric 
composition and density can affect TIR spectra [e.g., Piqueux, 2009], and 
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3) the source and detector temperature configuration is drastically different 
between the two situations. Nevertheless, optically thin dust layers on 
Zhong Shan, Allan Hills, and Heat Shield rock show that 1) winds within 
the first 20 centimeters of the martian surface are strong enough to 
mobilize dust on a frequent basis at both MER landing sites, and 2) 
electrostatic forces on metallic surfaces at these locations are weak 
enough to permit dust removal by this wind.
4.4.3 Cavity Evaluation
Near-blackbody thermal emissivity can be produced by cavities with the 
proper geometry and size to allow repeat reflections, which has the effect 
of reducing spectral contrast. It was unknown whether cavities in Heat 
Shield rock were capable of achieving blackbody cavity behavior. The 10 
kg analog was therefore chosen to be suitable for exploring the possibility, 
and contains cavities on one side which are deeper still than those of Heat 
Shield rock. Seven measurements were collected of the pitted and smooth 
surfaces of the Canyon Diablo analog specimen using both the field-
portable and laboratory spectrometers for the purpose of comparing their 
emissivity spectra (Appendix D). None of the spectra showed any 
significant variation in contrast with these sample surface changes, and 
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therefore cavities with these geometries do not appear to contribute 
significant blackbody radiance to spectra on Earth or Mars (Figure 4.18).
4.5 Summary and Conclusions
 An exploration of reflected emissivity signals from meteoritic metal 
surfaces and the effects of Mars analog dust on this reflectance was 
performed in the laboratory to help inform dust thickness estimates on 
three iron meteorites on Mars. An initial interpretation of results indicates 
the following.
1. Recognition of the quartz signature in the spectrum of the polished 
Canyon Diablo slab, but not the natural surface of the 10 kg Heat 
Shield rock analog, confirms the highly reflective behavior of metals 
in the TIR, but demonstrates that the simulation of downwelling 
atmospheric radiance is problematic in the laboratory.
2. Approximately one order of magnitude less dust is required to mask 
a reflected signal from a metal surface in the TIR than an emitted 
signal from a silicate or oxide source. This knowledge is important 
to the TIR detection of meteorite candidates, the signals for which 
are thus highly susceptible to the obscuration effects of dust at 
these wavelengths.
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Figure 4.18. Cavity evaluation spectra. No obvious differences are 
noted between pitted and smooth Canyon Diablo surfaces.
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3. Because the dust thicknesses are demonstrably low when 
meteorites are detectable by their specular reflectance, they
4. become diagnostic of the efficiency of local dust-removal 
processes. Periodic wind gusts and dust devil migration over the 
rovers show that dust remains mobile within centimeters of the 
ground surface at both sites. The small amount of dust we see 
represents either the most recent air-fall accumulations, or an 
electrostatically adhered residuum.
5. The cavity geometries observed on Heat Shield rock, Zhong Shan 
and Allan Hills do not produce measurable blackbody behavior.
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5. MORPHOLOGIC EVIDENCE FOR MECHANICAL AND CHEMICAL 
ALTERATION OF FOUR IRON METEORITES ON MARS
 ⎯ PROCESS INSIGHTS FOR MERIDIANI PLANUM1
5.1 Introduction 
 Meteorites on the surface of Mars can provide natural experiments 
for monitoring weathering processes on the planet. Such alteration is less 
relevant to the meteorites themselves than to the assessment of past and 
present climatic conditions from their degree and type of weathering. 
Because we are likely to have samples of similar rocks in Earth-based 
collections, meteorites on other worlds are the experimental equivalent of 
artificially inserting highly sensitive, unweathered rocks with known 
properties into a surface environment, and allowing them to alter over their 
exposure lifetimes. On Mars, such a period could conceivably span billions  
of years, including the potential for recording very recent events. If 
exposure timescales can be estimated through indirect means (or direct 
means in the case of a sample return), meteorites on the surface of Mars 
may thus provide a sensitive tool for probing the subtle behavior of wind 
and water over a range of martian epochs.
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1 Ashley, J. W., M. P. Golombek, P. R. Christensen, S. W. Squyres, T. J. 
Mccoy, C. Schröder, I. Fleischer, J. R. Johnson, K. E. Herkenhoff, and T. J. 
Parker (2010), Evidence for mechanical and chemical alteration of iron 
meteorites on Mars - Process insights for Meridiani Planum, J. Geophys. 
Res., accepted with minor revisions.
 Predicted concentration mechanisms for meteoritical material on 
Mars modeled by [Bland and Smith, 2000] (later corroborated by 
[Chappelow and Sharpton, 2006]) yielded promising expectations for 
meteorite recognition and subsequent analysis on Mars when combined 
with the capabilities of the NASA Mars Exploration Rovers’ (MER; Spirit 
and Opportunity) instrument payloads. Up to Opportunity sol 1961, the two 
rovers had traversed approximately 25 km of cumulative odometry (7.7 km 
for Spirit, and 17.2 km for Opportunity), and had discovered at least 10 
confirmed and candidate meteorites. In addition to the meteorite pair Allan 
Hills and Zhong Shan discovered by Spirit at Gusev crater [Ruff et al., 
2008], Meridiani meteorite candidates included Barberton [Schröder et al., 
2006]; Meridiani Planum (referred to hereafter by its original name of Heat 
Shield rock to avoid confusion with the location name) and Santa Catarina 
[Schröder et al., 2008]; Joacaba, Paloma, and Mafra [Ashley et al., 
2009c]; Santorini [Schröder et al., 2009a]; and Kasos [Schröder et al., 
2010] (see Table 2.1). With the exception of Heat Shield rock (identified as 
a iron meteorite of the IAB complex [Connolly et al., 2006]), the Meridiani 
finds up to that time were of a stony-iron variety that may or may not be 
entirely meteoritic (their textures suggest the possibility of impact breccias 
that merely contain meteoritic minerals). 
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 Beginning on Opportunity sol 1961, three large iron meteorites 
were identified at locations less than 1 km from each other near the 
Nimrod ghost crater, located approximately 4.2 km south-southwest of 
Victoria crater (Figure 5.1). In order of discovery, these have been 
assigned the unofficial names of Block Island, Shelter Island, and 
Mackinac Island (Table 1), and will be referred to collectively as the 
Meridiani iron suite, together with Heat Shield rock. This chapter focuses 
on data interpretations pursuant to their weathering history. The Meridiani 
iron suite presents several lines of evidence to confirm both mechanical 
and chemical weathering processes at Meridiani Planum, and also helps 
resolve several outstanding questions raised by Heat Shield rock. 
5.2 Background
 The scientific value of meteorites is traditionally viewed in terms of 
their relevance to 1) the formation and evolutionary history of their parent 
bodies [e.g., McSween, 1989]; 2) solar system chronology [e.g., Kleine et 
al., 2009]; 3) environments and processes within the presolar nebula [e.g., 
Desch, 2006; Huss et al., 2003]; and 4) the interstellar medium and its 
precursor stellar/galactic source environments [e.g., Timmes and Clayton, 
1996; Zinner et al., 2006]. Meteorites that fall on Earth are not generally 
considered to provide information about the Earth beyond that of early 
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Figure 5.1. Site location map showing positions of three iron meteorites, 
and their relationship to the Nimrod ghost crater at Meridiani Planum. Inset 
shows context for the traverse from Victoria Crater. Mars Reconnaissance 
Orbiter/HiRISE image.
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solar system chronology (e.g., timing of core-mantle differentiation, 
accretion, etc.). However, meteorites on the surfaces of other solar system 
bodies have the potential to contribute information about a variety of topics  
of high scientific interest. 
 As with all solar system bodies, Mars has continued to interact with 
the interplanetary medium since its formation. The arrival of non-
indigenous materials evident by fresh meteoroid impacts continues to the 
present day [Malin et al., 2006]. Any fragments of this material that are not 
vaporized upon hypervelocity impact will begin to alter in their new 
environment. Meteoroid survival as meteorites is increasingly likely for 
smaller bolide diameters. The utility of meteorites found on the surface of 
Mars for probing a variety of important Mars- and meteoroid-related 
problems has recently been recognized [Ashley and Wright, 2004; Ashley 
and Velbel, 2007; Ashley et al., 2008, 2009a; Bland and Smith, 2000; 
Chappelow and Sharpton, 2006b; Chappelow and Golombek, 2010a; 
Fleischer et al., 2009a, 2009b; Johnson et al., 2009, 2010; Landis, 2009; 
Nuding and Cohen, 2009; Schröder et al., 2008, 2009a, 2009b; Squyres et 
al., 2009, 2010]. Mars-specific applications of meteorite-based science 
include: 1) understanding extraterrestrial contributions to soils and 
sedimentary rocks [Flynn and McKay, 1990; Yen et al., 2005, 2006]; 2) 
helping to provide constraints on atmospheric density and fragmentation 
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behavior [Chappelow and Sharpton, 2006a; 2006b; Chappelow and 
Golombek, 2010a, 2010b]; 3) improving our understanding of impact 
processes; and 4) potential assistance with habitability assessments [e.g., 
Gronstal et al., 2009; Yen et al., 2006]. One of the most direct applications 
of meteorites found on Mars is as control or ‘witness’ samples for probing 
both physical (mechanical/abrasive) and chemical weathering. The 
hypersensitivity of most meteorites to mineral-volatile interactions (see 
Section 2.1.1) makes them particularly well suited to the latter purpose. 
 The MER rovers’ Athena science payloads were designed in part to 
evaluate the effects of water on martian surfaces, and the search for these 
effects constitutes one of the main mission science objectives. The 
instrumentation includes two primary remote sensing detectors: the 5-29 
µm-wavelength Miniature Thermal Emission Spectrometer (Mini-TES) 
[Christensen et al., 2003] and 432-1009 nm-wavelength, 16-filter 
panoramic camera (Pancam) [Bell et al., 2003]; as well as four tools on 
the Instrument Deployment Device (IDD) or rover ‘arm,’ including the 
Alpha-Particle X-ray Spectrometer (APXS) [Rieder et al., 2003], 
Mössbauer Spectrometer (MB) [Klingelhöfer et al., 2003], 31 µm/pixel 
Microscopic Imager (MI) [Herkenhoff et al., 2003], and Rock Abrasion Tool 
(RAT) [Gorevan et al., 2003]. The rovers also carry navigational cameras 
(Navcams), and hazard assessment cameras (Hazcams) [Maki et al., 
 
159
2003]. Nearly all of these instruments are useful for meteorite identification 
and evaluation. Indeed, use of the full instrument suite is valuable for an 
accurate determination of meteorite type [Schröder et al., 2008].  
5.3 Operational approaches to meteorite identification and 
reconnaissance
 Meridiani Planum is characterized by unconsolidated, wind-blown 
basaltic sand discontinuously overlying a sulfate-rich sandstone bedrock 
containing hematite “blueberry” concretions [e.g., Squyres et al., 2004]. An 
absence of Hesperian-age craters, thermal inertia and spectral evidence, 
and hematite blueberry lag concentration values for the area suggest that 
the region has undergone up to 10-80 m of deflation within the past 3 Ga, 
resulting in a level and nearly rock-free surface [e.g., Christensen and 
Ruff, 2004; Golombek et al., 2006]. Evidence for ancient acidic solutions 
[e.g., Grotzinger et al., 2006; Grotzinger et al., 2005; McLennan et al., 
2005; Squyres et al., 2004; Tosca et al., 2005; Zolotov and Shock, 2005] 
indicates that environmental conditions in the distant past were 
dramatically different from those today.
 As Opportunity traverses across the Meridiani plains, images are 
acquired at the end of each drive for traverse planning. Typical end-of-
drive coverage is a 3x1 stereo Navcam mosaic and a 4x1 stereo Pancam 
in either red or blue filters depending on the terrain, both pointed in the 
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intended drive direction. These images provide the minimum information 
required for planning the next drive, but they are not ideal for searching for 
meteorites. So when data volume restrictions allow, traverse planning 
images are augmented by expanding the Navcam coverage (often to 
complete a full 360° panorama), and adding one or more filters to the 
Pancam coverage to provide improved color discrimination.
 Prospective meteorites are identified in such coverage based on 
their size, albedo, and (in some cases) color contrast with typical Meridiani 
bedrock. Because blocks of Meridiani sandstone erode away so quickly, 
rocks of a size large enough to be apparent in such coverage are often 
meteorites. Images showing meteorite candidates may be downlinked 
after the rover has moved on from the location where the images were 
acquired, requiring a decision to backtrack if the prospective meteorite is 
going to be investigated. Depending on its initial distance from the rover 
when noticed, its azimuth from the planned drive direction, and its 
perceived degree of potential science value, a candidate meteorite may be 
approached for closer inspection. Different levels of analysis may then be 
employed (i.e. remote sensing versus full instrument deployment), again 
depending on the perceived science potential. 
 Several different cobble groups have now been identified by 
Opportunity at Meridiani Planum by these methods [Fleischer et al., 
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2010a], and meteorites comprise a significant fraction of them. Each of the 
following iron meteorites displays its own set of morphologic 
characteristics, with each providing clues to one or more of the processes 
in operation at Meridiani Planum over time.
5.4 Iron meteorite descriptions 
5.4.1 Block Island
 Opportunity arrived at Block Island on sol 1961, 4.2 km along its 
approximately 12-km traverse toward Endeavour from Victoria crater. In 
broad outline, the iron-nickel rock appears somewhat pillow or trapezoidal-
shaped, with rounded upper and lower surfaces, and appears to rest as a 
protective “caprock” on a partially eroded 4 cm-high pedestal (similar to a 
hoodoo) (Figures 5.2a, b & c). The largest meteorite yet identified on 
Mars, it is approximately 60 cm across its long axis, with a calculated 
mass of ~ 240 kg (assuming a typical iron meteorite density of ~ 7.9 g/
cm3) [Chappelow and Golombek, 2010]. It has many rounded hollows, 
with several of the lower hollows (within 15 cm of the ground) containing 
loose hematite blueberry concretions and sand.
 Block Island displays a distinct dichotomy in its surface roughness 
(Figure 5.2d). Approximately 75 percent of its exposed surface, including 
the south-facing portion is rounded with smooth outlines to the hollows. 
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Figure 5.2. False color Pancam images presenting three views of the 
Block Island meteorite; north-facing (2a), east-facing (2b), and south-
facing (2c) surfaces. White outline in 2a shows the overlay of the New 
Shoreham Microscopic Imager (MI) mosaic (presented as Figures 5.4a, b, 
& c). Greyscale Pancam image Figure 5.2d illustrates the surface 
roughness dichotomy — smooth and worn to the south (right) of the red 
line, angular and craggy to the north (left). The meteorite was estimated at 
approximately 60 x 40 x 25 cm in size based on Navcam image 
measurements [Chappelow and Golombek, 2010]. Figure 5.2e is a three-
dimensional geometric model of Block Island, showing approximate north, 
south, east, and west sides in images i, ii, iii, and iv, respectively. The 
model was used to calculate a volume estimate of 30,429 cm3. Assuming 
a uniform density of 7.9 g/cm3 (kamacite density) gives a mass of 240 kg 
for the meteorite. The model was prepared by JPL’s Multimission Image 
Processing Laboratory using Pancam and Navcam images taken from six 
~1m stand-off positions. Image credits: NASA/JPL/Pancam/MIPL.
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The remaining quarter of the exposed upper surface and its western 
undersurface are significantly more rough and angular in their features, 
and display specular reflections in Pancam images not seen on the 
rounded portions. The hollows within this latter surface appear more 
angular in outline than those on the smoother surfaces. The smoother 
portion also appears to be more heavily dust-coated, based on Pancam 
color images (Figure 5.2c). Also within the rougher, northern side of the 
meteorite, and perhaps more significantly, Block Island presents a large 
(~20 cm long-dimension), cavernous pit (Figures 5.3a & b). The pit is 
roughly elliptical in outline, and coalesces with a number of smaller pits 
near the apex of the rock. It is also rimmed by an irregular network of relic 
metal protuberances or “skeletons,” and shelf-like structures. Some of 
these features appear remarkably fragile (Figure 5.3c). 
 MI images taken within the rough portion of the surface show clear 
indications of a differentially eroded Widmanstätten pattern (common to 
several classes of iron and stony-iron meteorites; refer to section 4.0 for a 
discussion). A discontinuous, dark-toned coating is also present across 
much of the meteorite’s surface (Figures 5.4a, b & c). The coating is 
similar to that noted on Heat Shield rock [Schröder et al., 2008; Johnson 
et al., 2010] (located 9.6 km to the north of Block Island). The full IDD 
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Figure 5.3. False color Pancam image of cavernous pit in Block Island 
(3a). Note highly angular, relic metal protuberances along the rim and 
shelf-like features near the north lip (bottom-most in the image). The 
anaglyph (3b) presents better illumination of the cavern interior, showing 
coarser texture than found in more-exposed portions of the pit. Angularity 
and hardness of metal skeletons precluded IDD use within the pit. White 
rectangle in 3a shows MI target named Veterans Park — a metal skeleton 
structure relic after some alteration process has removed less-resistant 
material, collected on Sol 1979 and presented as 3c (note shadow for 
relief). Image credits: NASA/JPL/Pancam.
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Figure 5.4. Sol 1963 MI mosaic of New Shoreham IDD target region 
surface texture (4a); location shown in Figure 5.2a overlay. The images 
demonstrate the presence of the Widmanstätten pattern common to iron 
meteorites (most notably in lower third, but present throughout image 
area). Taenite lamellae are characterized by lighter, linear zones, 
frequently with specular reflections, often casting shadows showing that 
they are topographically higher than the surrounding surfaces. The 
intergrowth of the kamacite and taenite crystal structures produce 
different patterns when sectioned at different angles. The three taenite 
lamellae forming nearly perfect 60° intersections (enlarged in 4b) provide 
the orientation of the immediate surface of the meteorite with respect to a 
local kamacite/taenite octahedron; central image in schematic inset (from 
[Bolsi, 2008]). The differential erosion of this pattern demonstrates a form 
of mechanical (aolian abrasion) weathering. The red ellipse in 4b 
highlights a classic regmaglypt. The regmaglypt to its immediate left (not 
outlined) has been modified post-fall and is undercutting a taenite lamella. 
Discontinuous coating patches (darker grey zones) are seen as residual 
deposits between and marginal to kamacite plates, and within 
topographic low areas below the height of these erosional features (4c), 
implying that they were deposited after erosion, and therefore represent 
something other than fusion crust — most probably a weathering rind 
produced by water interaction in a subsurface situation. Compare with 
Figure 5.13. NASA/JPL/MI.
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instrument suite was employed at several target areas over a nearly six-
week period on Block Island, and Pancam/Navcam coverage from six 
locations around the meteorite was acquired prior to departure. This 
coverage allowed Multmission Image Processing Laboratory (MIPL) of 
JPL’s Interplanetary Network Directorate to render a three-dimensional 
model of Block Island (Figure 5.2e), which was used to estimate the 
meteorite’s mass. 
5.4.2 Shelter Island
 Figures 5.5a & b present false color Pancam images of Shelter 
Island, first encountered on Sol 2022. It has a long dimension of ~52 cm, 
and has a mass of ~100 kg [Chappelow and Golombek, 2010b]. By 
contrast with Block Island, this rock does not show particularly distinct 
variations in surface roughness. However, one of the hollows contains a 
mass of unknown mineralogy (but which might be a kamacite plate or 
taenite lamella) that appears to be weathering out of its groundmass (red 
arrow in Figures 5.5a & c). It also exhibits large-scale excavations 
penetrating deeper into its interior near its base than observed in Block 
Island. This meteorite appears generally more weathered than Block 
Island, with spires of residual metal resulting from extensive erosion along 
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Figure 5.5. False color Pancam images of Shelter Island meteorite 
(Figures 5a & b). Noteworthy are the dramatic effects of mass removal 
processes, which seem to strongly prefer excavation of some volumes 
over others left almost unmodified. The phenomenon may be controlled 
partly by the occurrence of inclusions common to iron meteorites, and 
partly by original regmaglypt locations. Red arrow denotes a probable 
kamacite plate or taenite lamella weathering out of its groundmass, also 
shown at higher resolution in 5c. Black arrows denote depressions with 
small-diameter cavities at the base of each recess, producing a funnel-
shaped cross section for the depression. Figure 5.5a has been enhanced 
to minimize shadow effects unavoidable at the time of imaging. Image 
credits: NASA/JPL/Pancam.
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a northeast-southwest axis (Figure 5.5b). Other portions of the rock 
appear relatively fresh with smooth surfaces and hollows that were likely 
formed as a result of ablation during atmospheric entry. Pancam and 
Navcam images were collected from three circumferentially spaced stand-
off (and two additional) positions, together with IDD instrument placement 
on one surface target location named Dering Harbour. As with Block Island 
and Heat Shield rock, Shelter Island presents differentially eroded 
Widmanstätten lamellae and a dark, surficial coating. This coating, 
however, appears somewhat more continuous in the target area than was 
seen on Block Island. Most of the hollows on this rock contain sand and 
blueberries, including those near the top.
5.4.3 Mackinac Island
 This meteorite, encountered on Sol 2034, is the smallest of the 
three at 30 cm in diameter (comparable to Heat Shield rock), and has a 
hemispherical mass of ~ 65 kg based on its triaxial ellipsoidal 
measurements and assumed density [Chappelow and Golombek, 2010b] 
(Figures 5.6a, b, and c). The rock exhibits an even more severe example 
of mass removal, showing an excavated interior, similar to cavernous 
weathering, along a southeast-northwest axis (likely significantly reducing 
its calculated mass), with a metal lacework all that remains of the former 
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mass in some regions (Figure 5.6b). Portions of Mackinac Island are 
smooth with rounded hollows. Like the other meteorites, blueberry 
concretions and sand are often found within these hollows. Mackinac 
Island was imaged by Pancam from three stand-off positions, one of which 
included 13-filter images, but was not investigated using any IDD 
instruments. 
5.5 Interpretations and Discussion
 The surfaces of freshly fallen meteorites on Earth typically exhibit 
regmaglypts and fusion crusts. Regmaglypts are morphologic features 
resulting from ablation at high temperature during atmospheric entry, often 
described as resembling “thumbprints”. They vary in size from <1 cm to 
several cm from interactions with turbulent, supersonic airstreams, and 
tend to form in coherent sets or patches with wave-like “crest and trough” 
topography [Buchwald, 1975] (Figure 5.7). Block Island MI mosaics (red 
ellipse in Figure 5.4b) confirm the presence of regmaglypts. Further, all of 
the Meridiani meteorites feature smooth-shaped hollows that are either 
regmaglypts or slightly modified remgaglypts. Other instances of cavity 
enlargement may be regmaglypt-controlled in their spacing, but may also 
be caused by the removal of troilite nodules, which (if pure) can excavate
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Figure 5.6. False color Pancam images of Mackinac Island (a, b, and 
c). This meteorite is so severely weathered that a significant fraction 
of its lower volume has been removed from its interior, leaving a 
webwork of residual metal behind. Shadows provide relief, and 
illustrate undercut nature of overhanging lower portion. Image credits: 
NASA/JPL/Pancam.
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Figure 5.7. Example of unweathered, regmaglypted iron meteorite surface 
texture for reference purposes. Sikhote-Alin, observed to fall on February 
12, 1947 in Sikhote-Alin mountains, Russia; private-collection specimen.
Figure 5.8. A fragment of the Imilac pallasite, exhibiting similar metal 
skeletons on a similar scale to those found bordering the Block Island 
cavern pit. These features are attributed to post fall alteration and removal 
of olivine phenocrysts; private-collection specimen. 
(units in cm)
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completely during atmospheric entry [Buchwald, 1975]. In each case, 
enough of the atmospheric-interaction imprint remains to conclude that 
portions of these meteorites have not changed significantly from their 
original post-fall outlines. Fusion crusts also result from frictional 
interactions with the atmosphere during entry [e.g. Norton, 2002]. They 
vary in thickness (typically <1 - 2 mm) and composition, but tend to be 
similar in composition to their substrates. Stony meteorite crusts are often 
composed of a quenched glassy material, frequently containing olivine 
microcrystallites. Iron meteorite fusion crusts may be composed of 
alternating magnetite-rich and metal sheets [El Goresy and Fechtig, 
1967], and may appear ropey with a heat-affected zone just beneath the 
crust evident in cross-section [Buchwald, 1975].
 In order for meteorites to be effective witness samples for 
weathering processes, it is necessary to distinguish regmaglypts and 
fusion crusts (both features formed by atmospheric interactions) from 
features produced by alteration of the rock’s surface after it arrived on the 
ground. Therefore an objective for the Meridiani iron suite is to separate 
three classes of surface modification: 1) atmospheric ablation, 2) aqueous 
alteration, and 3) eolian modification. This is not always straightforward, 
even for meteorites found on Earth. Further, many of the surface features 
discussed for the Meridiani iron suite are likely to be the result of more 
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than one of these processes. For example, evidence for both mechanical 
and chemical weathering processes has been noted in Heat Shield rock 
[Ashley et al., 2009b; Fleischer et al., 2009b; Schröder et al., 2008], but 
some conclusions have remained ambiguous.
 Data collected for Block Island, Shelter Island, and Mackinac Island 
augment our understanding of weathering processes for Meridiani Planum 
iron meteorites, and provide clues sufficient to resolve some of the 
questions raised during Heat Shield rock analysis. The following 
discussions are presented as a sequence of separate-but-interrelated 
problems that are addressed by these findings.
5.5.1 Significance of cavernous pit in Block Island
 
 The large cavernous pit on Block Island appears unique among the 
features observed in the Meridiani iron suite. Based on size alone, such a 
cavity might conceivably result from a fracture at the boundary between a 
pair of large taenite crystals (sometimes called austenite). Enlargement of 
such fractures to the size range of Block Island’s pit is not uncommon 
during aqueous alteration of iron meteorites on Earth. Large hollows can 
also sometimes form from atmospheric ablation. However, the pit 
morphology suggests that other processes are responsible. Regions along 
the pit margin preserve relic metal protrusions and delicate “filigree” 
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structures unlikely to have survived atmospheric ablation (Figures 5.3a 
and b). An MI mosaic of the IDD target area on Block Island named 
Veterans Park shows one of the delicate metal protrusions lining the rim of 
the pit (Figure 5.3c). These protrusions suggest that: 1) a mass once 
present has been removed, and 2) a corrosive process may have been 
partly responsible for the removal. No remnants of the former mass either 
within or around the pit are obvious in Pancam, Navcam or MI images. 
Surfaces within the pit range in angularity from rounded to highly angular, 
and are therefore also likely to have been modified by mechanical 
abrasion. 
 Iron and pallasite meteorites are both known for containing several 
types of inclusions. Among these are large (several cm-diameter) troilite 
and graphite nodules, shreibersite and cohenite [e.g., Fleischer et al., 
2010b] in irons, and the characteristic olivine phenocrysts of pallasite 
meteorites. Most terrestrial pallasites show a fairly uniform distribution of 
phenocrysts throughout their volume. Examples of strongly heterogeneous 
pallasites exist, however, (e.g., the Seymchan pallasite [van Niekerk et al., 
2007]), as do examples of relic metal skeletons in pallasites attributed to 
weathering (e.g. Imilac [Buchwald, 1973]; Figure 5.8) and Springwater. 
Some pallasites exhibit metal protrusions similar to those of Block Island 
that almost certainly formed as a result of olivine grain plucking from the 
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metal matrix during atmospheric entry. However, no residual olivine grains 
have been observed in Block Island, which would be expected for even a 
highly weathered pallasite. More importantly, Ga and Ge abundances 
measured for Block Island by APXS are inconsistent with a pallasite 
interpretation.
 Based on the morphology, the cavernous pit in Block Island is most 
likely the result of a slow corrosion process (probably acidic), which would 
have occurred at some time after the meteorite’s landing at Meridiani 
Planum. Although it is generally understood that the hematite-bearing 
sulfate bedrock at Meridiani reflects an acidic depositional environment 
[e.g., Baldridge and Calvin, 2004; Squyres et al., 2004; Zolotov and 
Shock, 2005; Hurowitz et al., 2010], these iron meteorites are likely to 
have fallen long after the sulfate bedrock was in place.  The following 
from Buchwald (1977) is relevant to any discussion of iron meteorite 
corrosion on Earth: “...the morphology of the corrosion attack may 
somewhat depend on the state of stress and the nature of the included 
minerals.” The corrosive process that resulted in Block Island’s cavernous 
pit might possibly have involved thin films of water made acidic by 
interactions with meteoritic troilite or the bedrock itself. Buchwald (1977) 
goes on to suggest that “...in irons with shock-melted troilites, intense 
pitting may develop, ultimately producing deep, undercut, hemispherical 
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holes as in Willamette and Sacramento Mountains. Although the details 
are far from clear, it appears that the microcrystalline troilite aggregates of 
iron and various unequillibrated sulphides are very sensitive to corrosion; 
the resulting sulphuric acid may concentrate locally and excavate the pits, 
leaving adjacent areas virtually unattacked.” Further study is needed to 
determine a reasonable process.
 The Block Island “filigree” structures are smaller than the metal 
spires seen in Shelter Island or Mackinac Island, and may therefore 
indicate a different type of removed mass than may have been present in 
these latter meteorites. The relic metal spires, protrusions and cavernous 
weathering features observed in Shelter and Mackinac Islands may have 
a similar origin, but they could also be the result of protracted eolian 
erosion (discussed in Section 4.3). 
5.5.2 Fusion crust versus weathering rind
 While no obvious iron oxide or oxyhydroxide features are visible in 
the Mini-TES spectra for Heat Shield rock [Ashley et al., 2008], portions of 
its brushed surface show a dark (purple-hued in false-color Pancam 
composites and decorrelation stretches using 432 nm, 535 nm, and 753 
nm filters [e.g., Johnson et al., 2010; Farrand et al., 2007]) and 
discontinuous coating interpreted to contain iron oxides/oxyhydroxides 
based on Mössbauer and APXS measurements [Schröder et al., 2008], 
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and on multi-filter Pancam image analysis [Johnson et al., 2010]. Figures 
5.9a and 5.9b present Heat Shield rock and a MI mosaic of an IDD target 
area showing a magnified view of this material and surrounding dust-
coated surface. Approximately  five percent of the iron at this location on 
Heat Shield rock was measured to be in a ferric state, and some of that 
may be nanophase hematite [Fleischer et al., 2009b]. However, 
distinguishing iron oxides from hydroxyl-bearing (and therefore water-
indicative) oxyhydroxides is difficult. It is therefore unclear whether the 
dark coating on Heat Shield rock is relic fusion crust, weathering rind, or 
possibly even a thin layer of welded particulates [Schröder et al., 2008].
 The Block Island and Shelter Island meteorites also exhibit dark 
coatings similar in hue [Johnson et al., 2009], composition [Fleischer et al., 
2010b], and occurrence to that found on Heat Shield rock. Figures 5.4a, 
5.4b and 5.4c show an MI mosaic of an area of Block Island named New 
Shoreham, displaying the heterogeneous distribution of the coating. 
APXS-measured abundances of Mg and Zn in the Block Island coating 
were elevated relative to the uncoated surface [Gellert et al., 2010]. 
Figures 5.4b and 5.4c exhibit cross-cutting relationships (embayments and 
topographic differences) between coating features and others interpreted 
to be the result of differential eolian abrasion (discussed in more detail in 
Section 4.3 below). These relationships show the coating formed post-fall,
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Figure 5.9. Grey scale Pancam image of the Heat Shield rock iron 
meteorite (9a). Present within and outside the brushed area are sharp-
edged, arête-like sculptings of original ablation features, together with 
indications of the Widmanstätten pattern common to cut, polished, and 
acid-etched iron meteorites with an appropriate nickel composition (white 
arrows in 9b). Imperfect kamacite plate alignments result in subparallel 
expression. All these features suggest post-fall mechanical abrasion to 
greater or lesser amounts. Image credits: NASA/JPL/Pancam/MI.
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rendering a fusion crust theory unlikely and favoring a weathering product 
interpretation instead. This conclusion is supported by the discordant Mg 
and Zn chemistry between the coating and its substrate, which tend to be 
chemically similar in the case of true fusion crusts.
5.5.3 Atmospheric ablation versus mechanical abrasion 
 The MI mosaic of Heat Shield rock shows millimeter-sized chevrons 
and subparallel grooves, most prominent on a partially brushed surface 
approximately 3 x 2 cm in area (see Figure 5.9b). Other portions of the 
surface (including the dark coating discussed in Section 4.2) appear to 
have been sculpted, locally forming ridges and cavity modifications. An 
interpretation of the chevrons and grooves is fairly straightforward. Similar 
patterns are observed on a number of hot- and cold-desert iron meteorites  
(e.g., Drum Mountains and Fort Stockton; Figures 5.10a and 5.10b, 
respectively), and are attributed to physical ablation by wind-blown sand 
grains (not dust [Laity and Bridges, 2009]) differentially weathering the 
kamacite (α-(Fe, Ni)) and taenite (γ-(Fe, Ni)) lamellae within the rock. This 
is an expression of the Widmanstätten pattern common to sliced, polished, 
and acid-etched surfaces of many iron meteorites with appropriate nickel 
composition [e.g. Norton, 2002]. The intergrowth of the kamacite (body-
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Figure 5.10. Examples of terrestrial iron meteorite wind abrasion. Both 
the Drum Mountains (10a) and Fort Stockton (10b) medium octahedrite 
irons also show definite signs of differential mechanical weathering. Note 
how Widmanstätten lamellae of sliced and etched uppermost surface of 
Drum Mountains interfaces with pattern on weathered surface. 
~ 5 cm
~ 10 cma b
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centered cubic) and taenite (face-centered cubic) crystal structures 
produce different patterns when sectioned at different angles. 
 The MI mosaic of an area of Block Island named New Shoreham 
(Figures 5.4a & b) also shows dramatic evidence for exposure of the 
Widmanstätten pattern from differential erosion. One cluster of plates has 
a triangular arrangement (Figure 5.4b), a common feature of the 
Widmanstätten pattern seen in cut and etched iron meteorites. The 
equilateral shape of the triangle means that at least this small portion of 
the meteorite’s surface is oriented nearly parallel to an octahedron face in 
the local crystal structure (see Figure 5.4b inset). Widmanstätten features 
are also found in Shelter Island MI images. The presence of a 
Widmanstätten pattern in Heat Shield rock, Block Island, and Shelter 
Island is consistent with the nickel abundance identified by APXS measure 
ments for these meteorites [Gellert et al., 2010].
 While a regmaglypt interpretation for the smaller hollows in the 
Meridiani iron suite is warranted in many instances, differential weathering 
of softer sulfide (troilite) nodules or other inclusions in the metal 
groundmass may be responsible for further modification. An example of 
hollow formation or modification from mechanical abrasion is evident in 
Shelter Island where a mass of unknown mineralogy (likely a kamacite 
plate or taenite lamella) is weathering out of its groundmass (red arrow in 
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Figure 5.5c). Because this type of feature does not result from 
atmospheric ablation during entry, at least some of the shallow surface 
hollows are probably not unmodified regmaglypts. Their occurrence may, 
however, be controlled in part by the location of regmaglypts, which may 
offer a preferred path of mass removal to erosive forces and become 
enlarged with time. An example of troilite nodule size and distribution in a 
IAB complex meteorite is presented as Figure 5.11. The nodule indicated 
by the black arrow marks the edge of the meteorite when recovered, and 
shows a local hollow that may have formed either from atmospheric 
ablation or differential weathering.
 Other forms of anomalous pitting can be found on Shelter Island. 
Figure 5.5a shows several hollows that appear to contain smaller-diameter 
cavities at their bases (black arrows), resulting in a funnel-shaped cross 
section for the hol low. This type of shape can occur during atmospheric 
ablation when the ablating hollow (regmaglypt) encounters a less-resistant 
troilite inclusion, which is then removed through the small-diameter orifice 
at the bottom of the regmaglypt. The weathered feature at the Figure 5.5c 
red arrow also suggests the possibility for post-fall creation of some of 
these funnel-shaped hollows. A possible analog for such a process may 
be present on Earth in places where sand saltation can shape increasingly 
smaller-diameter borings through a kind of venturi-like acceleration of the 
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Figure 5.11. Etched slice of the Toluca IAB complex meteorite, showing 
common size and distribution of troilite (FeS) nodules in this class of iron 
meteorite. These nodules may offer zones of weakness to weathering 
forces, and account in part for the final morphology of an altered 
meteorite. Red arrow indicates edge of original weathered surface, 
coinciding with the preferential removal of troilite material with respect to 
surrounding metal groundmass, and resulting in a local shallowing of the 
surface.
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erosive sand particles (e.g. Garnet Hill, Mohave Desert, California; Figure 
5.12). Where conditions are favorable, eolian scouring has also been 
capable of enlarging volumes preferentially once initiated by originally 
minor irregularities in an otherwise coarsely homogeneous material. 
5.5.4. General discussion and decision trees 
 The delicate remnant metal structures seen on Shelter Island and 
Mackinac Island present striking evidence for cavernous weathering 
processes. The hollowing near their bases is more pronounced than in 
their upper portions, and has produced a somewhat undercut profile (see 
Figures 5.5 & 5.6). This presumably reflects greater exposure to mass-
removing processes in the few centimeters close to the ground than 
higher above it. It is not obvious whether the process or processes that 
created these features were aqueous, eolian, or a combination of both. 
While examples of cavernously weathered iron meteorites can be found 
on Earth (e.g. Willamette), the morphologies are not entirely analo
gous to what has been found on Mars. In the case of Willamette, large 
cavities are thought to have formed primarily from sulfuric acid generated 
from troilite-water interactions, though some atmospheric ablation may 
have contributed [e.g. Pugh and Allen, 1986]. Reaction kinetics, water 
availability, and exposure time differences between planetary
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Figure 5.12. Ventifacted granodiorite, Garnet Hill, Mohave Desert, 
California. Presented as a potential analog for discussion of funnel-shaped 
cavity formation; Modified rock volume is homogeneous, massive and 
unfractured. Wind-blown sand has created smooth-sculpted patterns with 
smaller-diameter cavities penetrating more deeply into rock, producing 
funnel-shaped cross-sections reminiscent of those found in Shelter Island 
(see Figure 5.5a and text for discussion). Coin for scale is 21.75 mm in 
diameter.
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environments undoubtedly play significant roles in determining which 
processes predominate. Resolving these questions will require further 
study. Using Willamette as our best available analog, however, our current 
thinking favors an aqueous explanation for the cavernous weathering 
found in Shelter Island and Mackinac Island. Notwithstanding the 
cavernously weathered interiors, the presence of what are likely to be 
remnant regmaglypts (thumbprint-shaped indentations in Figure 5.4a) 
indicates that the Meridiani iron suite probably has undergone only 
minimal exterior surface modification, and overall shapes may not differ 
significantly from their original outlines.
 The dichotomy in Block Island’s surface roughness suggests the 
possibility of prolonged partial burial at some point during the post-fall 
history of the rock (i.e. the smoother portion appears to have been 
exposed to more erosion). More recent burial and exposure is evident by 
the presence of blueberries in the hollows to only ~14 cm above the 
ground surface (but no higher) in Block Island. This observation suggests 
that at some time one or more ripples migrated over the meteorite up to 
this height and left the blueberries behind. The fact that blueberries are 
not found higher than this elevation provides the maximum crest height for 
the ripples at the time of migration. These ripples are thought to be cur
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rently inactive [Golombek et al., 2010; Jerolmack et al., 2006]. The grain 
size currently expected to be most easily saltated on Mars is 100-150 µm 
[e.g. Greeley et al., 1980]. The hoodoo pedestal beneath Block Island 
suggests that saltating sand removed the weak sulfate bedrock from 
beneath the meteorite as it rested on its surface. It should be emphasized 
that calculating residence times for meteorites found on Mars is poorly 
constrained. Since the ripples have been inactive for the past ~100 ka 
[Golombek et al., 2010], the meteorites must have landed prior to 100 ka. 
However, there is little to argue against their landing substantially longer 
ago than that. 
 Based on cross-cutting relationships between the dark coating and 
differentially eroded taenite lamellae discussed in Sections 4.2 and 4.3, 
respectively, a sequence of surface modification events at New Shoreham 
on Block Island is suggested in Figure 5.13. In this scenario, the meteorite 
arrives on Mars with a thin fusion crust and regmaglypted surface (blue 
layer in 13a). Subsequent exposure to eolian scouring produces 
differentially eroded Widmanstätten features and removes the fusion crust 
entirely (13b), with regmaglypts influencing the resulting local topography. 
The meteorite is subsequently exposed to water to produce an oxidized 
coating of unknown original thickness (13c). Subsurface ice interaction 
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Figure 5.13. Schematic illustrating possible alteration sequence for 
surface features observed at New Shoreham in Block Island and Shelter 
Island, based on cross-cutting relationships observed in MI mosaics. A 
regmaglypted meteorite arrives on Mars with a thin fusion crust (blue layer 
in 13a). Subsequent exposure to eolian scouring produces differentially 
eroded Widmanstätten features and removes the fusion crust entirely 
(13b); local hollow locations are influenced by original regmaglypted 
topography. Subsequent exposure to water (possibly ice during burial or 
high martian obliquity phase) results in aqueous alteration with oxidized 
coating (brown layer in 13c; thickness is unknown and estimated here for 
illustration purposes). Additional scouring reduces coating to 
discontinuous patches with lobate margins, and re-exposes topographic 
highs created by Widmanstätten pattern during earlier abrasive epoch 
(13d).
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(possibly during ripple migration) is a plausible cause for the production of 
this dark coating as a weathering product, pursuant to the ice discussion 
presented in Section 2.1 and the findings of Yen et al., (2005). The 
process may be enhanced during periods of high obliquity when water ice 
may also be stable at the surface. Additional scouring reduces the coating 
to discontinuous patches with lobate margins, and re-exposes topographic 
highs created by the Widmanstätten pattern during the earlier abrasive 
epoch (13d). 
 Appendix E presents each feature’s interpretation in a decision-tree 
format that ranks the possible processes on a probability scale of zero to 
10, with a zero score representing a near-impossibility for the process. 
Table 5.1 presents a summary of the decisions for each feature. The 
following discussions further encapsulate the logic process for each 
feature. Laboratory experiments involving wind tunnels with appropriate 
grain saltation as well as acid etching projects are warranted to test the 
various possibilities for most of these features.
 Surficial rounding. The strong dichotomy on Block Island between 
smooth-rounded and rough surfaces shows unambiguously that different 
surface modification processes were at work on different portions of the 
meteorite exterior. The most straightforward explanation for this is one of 
partial burial with the exposed portion subjected to rounding by wind-
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blown sand grains. The sculpting features and accompanying 
Widmanstatten features on Heat Shield Rock demonstrate that at least 
some surficial modification must have been caused by post-fall wind. 
However, some weight must also be given to the possibility for an ablation 
contribution, as meteorites in Earth-based collections do sometimes show 
considerable rounding of edges.
 Centimeter-scale hollows. The logic for surficial rounding may 
be extended to explain the morphology of the rounded hollows, which 
have a distribution and size very similar to that of troilite nodules in IAB 
iron meteorites [e.g., Buchwald, 1975]. However this latter fact introduces 
the possibilities for their removal either by atmospheric ablation (which has  
been observed in Earth collections), or by exposure to water (see Section 
5.1.1). 
 Large pit on Block Island. while atmospheric ablation cannot be 
ruled out as a possible mechanism for this feature, the likelihood for it is 
reduced by the obvious delicacy (based on knowledge of composition and 
mineralogy) of the relic skeletons along the pit perimeter, which would not 
survive the violence of atmospheric entry. The morphology of the 
skeletons is probably dictated by the former locations of less resistance 
inclusive minerals, now removed by the alteration process. The higher 
probability is therefore placed on low water/rock ratio (thin films) of water
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made acidic by interaction with troilite nodules or other sulfur-rich minerals  
in the meteorite.
 Widmanstätten pattern. The presence of a visible 
Widmanstätten pattern in Heat Shield Rock, Block Island and Shelter 
Island is clear evidence of post-fall modification as no mechanism is 
known to produce the features during atmospheric ablation. While several 
examples in Earth-based collections show the pattern resulting from wind-
blown sand, it must be noted that acid-etching is the usual method used 
for bringing out the pattern for curatorial display and jewelry. The Block 
Island features are located well within the rough portion of the surface 
dichotomy. A rating of seven is therefore given to wind abrasion with three 
assigned to acidic corrosion. 
 Iron oxide coating. The argument for the oxide coating being a 
secondary alteration product of water exposure is outlined in Figure 5.13. 
Nothing about these coatings provides clues for the volume of water 
required for the reaction as both high and low water/rock ratios could be 
equally responsible. Lower water volumes are slightly favored. There is 
also a chance that the coating represents a welded particulate layer, but 
this seems unlikely in view of all other considerations.
210
 Cavernous weathering. The large excavations within Shelter 
Island and Mackinac Island may simply be larger examples of the more 
surficial etching seen elsewhere, or they may represent a separate 
process. The greater extent of this process within the first few centimeters 
of the ground surface in each of the three meteorites is probably 
significant. This may simply indicate greater water availability for the acidic 
process fueled internally by the troilite nodules. Testing for selection 
among the available processes may include both wind-driven experiments 
and wet chemical experiments.
 Elevated Mg and Zn abundances in iron oxide. The observed 
concentrations of Mg and Zn in the oxide coating may have their origins in 
martian soil and/or minerals within the meteorite. Appendix F presents a 
list of minerals found in iron meteorites. For IAB irons, Zn may be found in 
sphalerite, whereas Mg sources include olivine, orthopyroxene, krinovite, 
fluorichierite, and roedderite. The possibility for welded particulates is 
included in the decision tree, but is not considered as likely as that of 
simple aqueous alteration.
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5.6 Conclusions
 While many questions remain to be answered, the following 
findings have been made regarding the Block Island, Shelter Island, and 
Mackinac Island meteorites:
1. Based on: a) cross-cutting relationships with wind-sculpted 
features, and b) elevated Mg and Zn abundances relative to those 
of its substrate, the dark (purple-hued in false-color Pancam 
images) coating observed on Block Island is not a fusion crust. All 
indications suggest the coating to be a secondary weathering 
product, most likely the result of ice interaction (see Section 
2.2.1.3). Similar coatings on Shelter Island and Heat Shield rock 
are likely to have a similar origin.
2. At least two episodes of mechanical abrasion have taken place on 
Block Island. The first of these resulted in the differential erosion of 
the kamacite-taenite lamellae. The second occurred after 
deposition of the dark coating. 
3. The presence of hematite blueberries within hollows on each of the 
three meteorites confirms that ripples have migrated over the 
meteorites in the past. The height of their location marks the 
maximum height of the ripples.
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4. Based on the morphology of delicate metal protrusions lining the 
rim of the cavernous pit on Block Island, which may mark the 
location of a former inclusive mass, at least one episode of acidic 
liquid water exposure is probable for this rock. 
5. The differences in weathering state among the three irons along 
with different weathering faces (north versus northeast versus 
northwest) may represent different residence times, burial depths, 
or environments.
6. The smooth, rounded shape of most of the meteorite surfaces and 
similarity of “thumbprint” sculpting to regmaglypts caused by 
atmospheric ablation suggests the overall size of the meteorites is 
similar to when they landed on Mars. Erosion since they landed, 
aside from cavernous weathering, is limited to etching of the 
surface to expose the Widmanstätten pattern and to elongate and 
expand hollows by eolian activity.
7. The presence of highly weathered meteorites two degrees from the 
martian equator, with strong indications for water interaction, is 
seen as consistent with theories for high obliquity cycles wherein 
ice finds stability in the equatorial zone during periods of maximum 
obliquity. Among the results in this dissertation, this finding in 
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particular is presented as a ‘proof of concept’ for the main 
hypothesis outlined in Chapter 2.
 
 Continued study of these and future meteorite finds may provide 
further insights into the details of these processes. For example, the 
presence of wind-abraded coatings is helpful in constraining abrasion rate 
estimates [Kraft and Greeley, 2000]. The viability of using weathered 
meteorites as markers for water exposure was outlined as a testable 
hypothesis for the MERs in particular [Ashley and Wright, 2004], but the 
approach has applications to future Mars missions (and may have 
relevance to other situations in the solar system generally). As 
demonstrated by the discovery of meteorites at both MER sites, 
meteorites are likely to be present in significant numbers across the 
planet. It is probable that current and future roving spacecraft will continue 
to encounter meteoritic specimens, and opportunities for further study can 
be anticipated and planned for. Indeed, a case has been made for 
consideration of low-mass (i.e. stony) meteorite materials in a Mars 
sample return program, as laboratory analysis of alteration effects will 
provide the best control for an assessment of subtle aqueous processes 
[Ashley et al., 2009a]. Consideration of the meteorite problem is 
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recommended during mission operations for MSL, as well as when 
selecting instruments for future rover missions. 
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6. SUMMARY
 Many different types of studies are enabled by the presence of 
meteorites on other planets. Mars-specific problems include soil chemistry 
and mineralogy assessments, impact processes and the refinement of age 
dating constraints, atmospheric density and dust composition 
assessments, assessment of weathering process, and unanticipated 
applications. This dissertation conducted TIR laboratory spectroscopy to 
prepare a database of meteorite spectra useful for identifying meteorites 
on Mars, and also for assistance with the geological evaluation of their 
parent bodies. A preliminary review of these spectra find enough variability 
between the main classes and also among the carbonaceous chondrite 
groups to suggest that TIR spectroscopy may be a useful tool for assisting 
with preliminary (or even definitive) classification. Trends of decreased 
spectral contrast were found among weathering category C Antarctic 
ordinary chondrites that suggest the presence of fine-grained components 
on these surfaces that are different from those weathered in warmer 
desert environments (e.g. Carichic, which presents a high-contrast 
spectrum). 
 Experiments designed to explore the reflective behavior of iron 
meteorites in the TIR, and the effects of increasing dust thickness found 
that, 
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1. Recognition of the quartz signature in the spectrum of the polished 
Canyon Diablo slab, but not the natural surface of the 10 kg Heat 
Shield rock analog, confirms the highly reflective behavior of metals 
in the TIR, but demonstrates that the simulation of downwelling 
atmospheric radiance is problematic in the laboratory.
2. Approximately one order of magnitude less dust is required to mask 
a reflected signal from a metal surface in the TIR than an emitted 
signal from a silicate or oxide source. This knowledge is important 
to the TIR detection of meteorite candidates on Mars, the signals 
for which are thus highly susceptible to the obscuration effects of 
dust at these wavelengths.
3. Because the dust thicknesses are demonstrably low when 
meteorites are detectable by their specular reflectance, they 
become diagnostic of the efficiency of local dust-removal 
processes. Periodic wind gusts and dust devil migration over the 
rovers show that dust remains mobile within centimeters of the 
ground surface at both sites. The small amount of dust we see 
represents either the most recent air-fall accumulations, or an 
electrostatically adhered residuum.
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4. The cavity geometries observed on Heat Shield rock, Zhong Shan 
and Allan Hills do not produce measurable blackbody emissivity 
effects. 
 Most relevant to the main thrust of this work are the discoveries of 
four iron meteorites at Meridiani Planum, three of which show clear signs 
of oxide coatings, at least one of which (and by association, likely all of 
these) was deposited after arrival on the martian surface and not during 
atmospheric entry. The coating is therefore probably a discontinuous 
weathering rind, demonstrating H2O interaction near the martian equator, 
possibly in recent times. Each rock presents a unique but complimentary 
set of features that increase our understanding of weathering processes at 
near the Martian equator. More specifically, these rocks make it possible to 
conclude that,
5. At least two episodes of mechanical abrasion have taken place on 
the Block Island meteorite. The first of these resulted in the 
differential erosion of the kamacite-taenite lamellae. The second 
occurred after deposition of the dark coating. 
7. The presence of hematite blueberries within hollows on each of the 
three meteorites confirms that ripples have migrated over the 
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meteorites in the past. The height of their location marks the 
maximum height of the ripples.
8. Based on the morphology of delicate metal protrusions lining the 
rim of the cavernous pit on Block Island, which may mark the 
location of a former inclusive mass, at least one episode of acidic 
liquid water exposure is probable for this rock. 
9. The differences in weathering state among the three irons along 
with different weathering faces (north versus northeast versus 
northwest) may represent different residence times, burial depths, 
or environments.
10.The smooth, rounded shape of most of the meteorite surfaces and 
similarity of “thumbprint” sculpting to regmaglypts caused by 
atmospheric ablation suggests the overall size of the meteorites is 
similar to when they landed on Mars. Erosion since they landed, 
aside from cavernous weathering, is limited to etching of the 
surface to expose the Widmanstätten pattern and to elongate and 
expand hollows by eolian activity.
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 Future work remains to determine the susceptibility of iron 
meteorites to wind abrasion, which could conceivably be responsible for 
some of the more dramatic sculpting effects observed in these rocks, 
together with experiments designed to gauge weathering rates at low 
humidity levels and the presence of ultraviolet light. A proposal has been 
made to attempt the overturn of a meteorite on Mars to compare and 
contrast the upper and lower surfaces. The rover arm sequences for this 
maneuver are in the planning stage.
 Meteorite finds are anticipated for the MSL Curiosity rover and the 
planned Mars sample return missions, as finds at both MER rover sites 
demonstrate their ubiquity on Mars. Efforts to maximize the science return 
should be conducted prior to their discovery by thinking through possible 
instrument employment scenarios. Indeed, looking ahead to a time when 
the NASA vision of human missions to Mars is realized, we can anticipate 
that meteorites will comprise a non-trivial fraction of the rocks recovered. 
The planetary sciences will benefit from having thoughtfully considered, 
field-tested models for meteorite-based problem solving. What we learn in 
the laboratory and the field from the careful study of the current suite of 
these extraordinary rocks will help guide this effort.
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APPENDIX B
METEORITE THERMAL EMISSION SPECTRA LIBRARY
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 The following data sheets present meteorite spectra together with 
images of the sample surfaces measured. Compositional heterogeneity 
can be significant among meteorites, and varies with weathering intensity 
(often a function of fracture density), the size of individual grains, and the 
severity and type (monomict vs. polymict) of brecciation. As the Nexus 670 
spectrometer spot size is ~1 cm, sample heterogeneity can affect the 
reproducibility of spectra. The images are provided primarily for the 
purpose of assisting the interpretation of spectra with respect to this 
heterogeneity. 
 When available, the latitude and longitude of the recovery location 
is included, as are the weathering grade, shock stage, and compositional 
information. Cited source material includes:
1Grossman, J. N., and J. Ziphel (2001), The Meteoritical Bulletin, No. 85, Meteoritics & Planetary Science, 36(9), A293-A322.
2Russell, S. S., et al. (2005), The Meteoritical Bulletin, No. 89, Meteoritics & Planetary Science, 40(9), A201-A263.
3Grady, M. M. (2000), Catalogue of Meteorites; Fifth Edition, 687 pp. Cambridge University Press, London, England
4Connolly, H. C., et al. (2007), The Meteoritical Bulletin, No. 92, Meteoritics & Planetary Science, 42(9), 1647-1694.
5Russell, S. S., et al. (2004), The Meteoritical Bulletin, No. 88, Meteoritics & Planetary Science, 39(9), A215-A272.
6Grossman, J. N. (1999), The Meteoritical Bulletin, No. 83, Meteoritics & Planetary Science, 34, A169-A186.
7Russell, S. S., et al. (2002), The Meteoritical Bulletin, No. 86, Meteoritics & Planetary Science, 37(7), A157-A184.
8Grossman, J. N. (1998), The Meteoritical Bulletin, No. 82, Meteoritics & Planetary Science, 33(4), A221-A239.
9Grossman, J. N. (1994), The Meteoritical Bulletin, No. 76, Meteoritics & Planetary Science, 29(1), 100-143.
10Connolly, H. C. J., et al. (2006), The Meteoritical Bulletin No. 90, Meteoritics and Planetary Science, 41(9), 1383-1418.
11Graham, A. L. (1984), The Meteoritical Bulletin No. 62, Meteoritics, 19, 49-57.
12Weisberg, M. K., et al. (2009), The Meteoritical Bulletin, No. 95, Meteoritics & Planetary Science, 44(3), 429-462.
13Krinov, E. L. (1960), The Meteoritical Bulletin, No. 18, International Geological Congress, Moscow, USSR
14Connolly, H. C., et al. (2007), The Meteoritical Bulletin No. 91, Meteoritics and Planetary Science, 42(3), 413-466.
15Grossman, J. N. (2000), The Meteoritical Bulletin, No. 84, Meteoritics & Planetary Science, 35 A199-A225.
16Grossman, J. N. (1966), The Meteoritical Bulletin, No. 34 International Geological Congress, Moscow, USSR
17Grossman, J. N. (1968), The Meteoritical Bulletin, No. 44 International Geological Congress, Moscow, USSR
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METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: cc-001; #1035
Mineralogy
Composition
Chemical1
(mol %)
Modeled normalized 
abundance (%)
olivine Fa7.2±2.1 36.26
pyroxene Fs3.7±1.2 63.71
plagioclase 28.95
apatite 7.34
 
259
Name: Sahara 00182
Location: Sahara; 0°06’N, 0°09'W.
Mode and year of recovery: Find ● 2000
Type: Carbonaceous chondrite
Notes: C3 ungrouped; weathering grade: 
W2. 
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: cc-002; #1004
Mineralogy
Composition
Chemical1
(mol %)
Modeled normalized 
abundance (%)
olivine Fa3
pyroxene Fs1-2; Wo1-3
troilite noted
kamacite 60% metal nodules
260
Name: Gujba
Location: Yobe, Nigeria; 11º29’30" N, 
11º39’30" E.
Mode and year of recovery: Fall ☄ 1984
Type: Carbonaceous chondrite
Notes: CB; weathering grade, W0; shock 
stage, S2.
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: cc-003; #973
Mineralogy
Composition
Chemical2
(mol %)
Modeled normalized 
abundance (%)
olivine Fa2.5 & Fa10-38 24.54
pyroxene Fs2.1 Wo1.7 & Fs8-12 Wo0.8-1.8 
29.94
plagioclase 15.56
troilite noted
kamacite 50-70% metal  
iron oxides 29.96
261
Name: Isheyevo
Location: Bashkortostan, Russia; 53° 37'N, 
56° 20'E. 
Mode and year of recovery: Find ● 2003
Type: Carbonaceous chondrite
Notes: CH/CBb; weathering grade, W1; 
shock stage, S1.
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: cc-004; #993
Mineralogy
Composition
Chemical
(mol %)
Modeled normalized 
abundance (%)
olivine 7.82
pyroxene 33.50
plagioclase 24.89
iron oxides 33.79
  
262
Name: Bencubbin
Location: Australia; 30° 45'S, 117° 47'E.
Mode and year of recovery: Find ● 1930
Type: Carbonaceous chondrite
Notes: CBa; no reported weathering grade.
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: cc-005; #989
Mineralogy
Composition
Chemical4
(mol %)
Modeled normalized 
abundance (%)
olivine Fa1.88-0.83 33.17
pyroxene Fs3.99-5.16 Wo3.01-1.80; Fs2.88 Wo19.66
46.96
iron oxides 19.86
troilite noted
  
263
Name: Sayh al Uhaymir 290
Location: Oman; 21°04’ N, 57°08' E.
Mode and year of recovery: Find ● 2004
Type: Carbonaceous chondrite
Notes: CH3; no reported weathering grade. 
Contains sulfide minerals.
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: cc-006; #979
Mineralogy
Composition
Chemical5
(mol %)
Modeled normalized 
abundance (%)
olivine Fa37 59.02
pyroxene Fs15Wo47 & Fs29 27.94
plagioclase 12.38
apatite 0.66
  
264
Name: NWA1694
Location: Northwest Africa
Mode and year of recovery: Find ● 2002
Type: Carbonaceous chondrite
Notes: CK3; weathering grade: W0/1. 
Accessory minerals include sulfide, 
magnetite, apatite, and glass.
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: cc-007; #984
Mineralogy
Composition
Chemical
(mol %)
Modeled normalized 
abundance (%)
olivine  2.89
pyroxene  96.41
apatite 0.70
 
  
265
Name: NWA5376 (provisional name)
Location: Erfoud, Morocco, Northwest Africa 
Mode and year of recovery: Find ● 
unknown date
Type: Carbonaceous chondrite
Notes: CM2; no reported weathering grade. 
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: cc-008; #982
Mineralogy
Composition
Chemical10
(mol %)
Modeled normalized 
abundance (%)
olivine Fa1.2-64.5
 
 
 
 
266
Name: NWA2918
Location: Morocco, Northwest Africa
Mode and year of recovery: Find ● 2005
Type: Carbonaceous chondrite
Notes: CO3.0; weathering grade, W2; shock 
stage, S1. 
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: cc-009; #964
Mineralogy
Composition
Chemical
(mol %)
Modeled normalized 
abundance (%)
olivine 53.04
pyroxene 46.96
 
267
Name: Allende
Location: Pueblito de Allende, Chihuahua, 
Mexico; 26°58' N, 105°19' W.
Mode and year of recovery: Fall ☄ 1969
Type: Carbonaceous chondrite
Notes: CV3.2 
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: cc-010; #1006
Mineralogy
Composition
Chemical
(mol %)
Modeled normalized 
abundance (%)
olivine 50.82
pyroxene 49.18
 
268
Name: NWA3144
Location: unknown
Mode and year of recovery: Find ● unknown
Type: Carbonaceous chondrite
Notes: unclassified in Meteoritical Bulletin 
(provisional CV3) 
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-001; #994
Mineralogy
Composition
Chemical
(mol %)
Modeled normalized 
abundance (%)
olivine 50.30
pyroxene 39.21
plagioclase 10.49
  
 
269
Name: Dag862
Location: Dar al Gani plateau, Libya
Mode and year of recovery: Find ● 1999
Type: Ordinary chondrite
Notes: H3; weathering grade W2.
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-002; #995
Mineralogy
Composition
Chemical
(mol %)
Modeled normalized 
abundance (%)
olivine 41.69
pyroxene 53.43
iron oxide 4.88
  
 
270
Name: Tulia
Location: Swisher County, Texas; 34°37’N, 
101°57’W.
Mode and year of recovery: Find ● 1917
Type: Ordinary chondrite
Notes: H3-4; no weathering grade reported. 
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-003; #992
Mineralogy
Composition
Chemical6
(mol %)
Modeled normalized 
abundance (%)
olivine Fa1.6-30.0; Peak at Fa19
pyroxene Fs3.3-26.6; Peak at Fs17
271
Name: Zag
Location: Western Sahara
Mode and year of recovery: Fall ☄ 1998
Type: Ordinary chondrite
Notes: H3-6; weathering grade: W0/1; shock 
stage: S3; regolith breccia 2 cm
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-004; #1055
Mineralogy
Composition
Chemical9
(mol %)
Modeled normalized 
abundance (%)
olivine Fa17 34.59
pyroxene 51.00
plagioclase 1.01
apatite 0.73
iron oxides 12.68
272
Name: ALH77225,16
Location: Allan Hills, Antarctica
Mode and year of recovery: Find ● 1977
Type: Ordinary chondrite
Notes: H4; weathering grade: Ce.
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-005; #1056
Mineralogy
Composition
Chemical9
(mol %)
Modeled normalized 
abundance (%)
olivine Fa14-21, average Fa17 76.84
pyroxene Fs15-17, average Fs16 23.16
273
Name: ALH77233,20
Location: Allan Hills, Antarctica
Mode and year of recovery: Find ● 1977
Type: Ordinary chondrite
Notes: H4; weathering grade C.
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-006; #1016
Mineralogy
Composition
Chemical11
(mol %)
Modeled normalized 
abundance (%)
olivine Fa19
274
Name: Carichic
Location: Near Casas Grandes, Chihuahua, 
Mexico. 27°56' N., 107°3' W
Mode and year of recovery: Find ● 1983
Type: Ordinary chondrite
Notes: H5; highly weathered.
2 cm
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-007; #1048
Mineralogy
Composition
Chemical8
(mol %)
Modeled normalized 
abundance (%)
olivine Fa19.0–19.2 41.87
pyroxene Fs16.9Wo0.1 56.95
plagioclase An9–33Ab63–84Or3–12
apatite 1.17
  
275
Name: Juancheng
Location: Shandong province, China; 
35°30’N, 115°25’E.
Mode and year of recovery: Fall ☄ 1997
Type: Ordinary chondrite
Notes: H5; fusion crusted exterior
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-008a/b; #1001/1002 
Mineralogy
Composition
Chemical9
(mol %)
Modeled normalized 
abundance (%)
olivine Fa19
276
Name: ALH84082,6
Location: Allan Hills, Antarctica
Mode and year of recovery: Find ● 1984
Type: Ordinary chondrite
Notes: H6; meteorite interior - red curve; 
fusion crust - green curve
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-009; #1057
Mineralogy
Composition
Chemical9
(mol %)
Modeled normalized 
abundance (%)
olivine Fa19
277
Name: LEW86015,9
Location: Lewis Cliff, Antarctica
Mode and year of recovery: Find ● 1986
Type: Ordinary chondrite
Notes: H6; weathering grade C.
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-010; #1052
Mineralogy
Composition
Chemical9
(mol %)
Modeled normalized 
abundance (%)
olivine Fa19
278
Name: LEW85322,9
Location: Lewis Cliff, Antarctica
Mode and year of recovery: Find ● 1985
Type: Ordinary chondrite
Notes: H6, weathering grade C.
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-011; #977
Mineralogy
Composition
Chemical3
(mol %)
Modeled normalized 
abundance (%)
olivine Fa19
279
Name: Modoc
Location: Modoc, Kansas, United States; 
38°30’N, 101°6’W.
Mode and year of recovery: Find ● 1948
Type: Ordinary chondrite
Notes: H6.
2 cm
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-012; #961
Mineralogy
Composition
Chemical
(mol %)
Modeled normalized 
abundance (%)
olivine
pyroxene 
plagioclase
troilite
kamacite
280
Name: NWA5243 
(provisional name)
Location: Northwest Africa
Mode and year of recovery: Find ● 
unknown date
Type: Ordinary chondrite
Notes: L3.
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-013; #1054
Mineralogy
Composition
Chemical9
(mol %)
Modeled normalized 
abundance (%)
olivine Fa1-43
pyroxene Fs3-35
plagioclase
troilite
kamacite
281
Name: ALH81031,17
Location: Allan Hills, 
Antarctica
Mode and year of recovery: Find ● 1981
Type: Ordinary chondrite
Notes: L3; weathering grade C.
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-014; #1007
Mineralogy
Composition
Chemical10
(mol %)
Modeled normalized 
abundance (%)
olivine Fa23.6
pyroxene Fs20.4
plagioclase
troilite
kamacite
282
Name: NWA2840
Location: Northwest Africa
Mode and year of recovery: Find ● 2004
Type: Ordinary chondrite
Notes: L4
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-015; #980
Mineralogy
Composition
Chemical12
(mol %)
Modeled normalized 
abundance (%)
olivine Fa21.7 47.80
pyroxene Fs18.1 36.41
plagioclase 10.51
apatite 1.41
iron oxides 3.87
283
Name: NWA2122
Location: Northwest Africa
Mode and year of recovery: Find ● 2002
Type: Ordinary chondrite
Notes: L5 black chondrite
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-016; #966
Mineralogy
Composition
Chemical13
(mol %)
Modeled normalized 
abundance (%)
olivine Fa24 42.12
pyroxene 47.96
plagioclase 3.21
apatite 3.21
iron oxides 3.50
284
Name: Bruderheim
Location: near Bruderheim, Alberta, 
Canada; 53°54’N, 112°53’W.
Mode and year of recovery: Fall ☄ 1960
Type: Ordinary chondrite
Notes: L6; shock stage: S4.
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-017; #972
Mineralogy
Composition
Chemical3
(mol %)
Modeled normalized 
abundance (%)
olivine Fa25
pyroxene 
plagioclase
troilite
kamacite
285
Name: Holbrook
Location: near Holbrook, Navajo County, 
Arizona, United States; 34°54’N, 110°11’W.
Mode and year of recovery: Fall ☄ 1912
Type: Ordinary chondrite
Notes: L6 2 cm
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-018; #976
Mineralogy
Composition
Chemical3
(mol %)
Modeled normalized 
abundance (%)
olivine Fa24
pyroxene 
plagioclase
troilite
kamacite
286
Name: Marion
Location: Linn County, Iowa, United States; 
41°54’N, 91°36’W.
Mode and year of recovery: Find ● 1847
Type: Ordinary chondrite
Notes: L6 2 cm
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-019; #996
Mineralogy
Composition
Chemical1
(mol %)
Modeled normalized 
abundance (%)
olivine Fa25
pyroxene 
plagioclase
troilite
kamacite
287
Name: NWA091
Location: Northwest Africa
Mode and year of recovery: Find ● 2000
Type: Ordinary chondrite
Notes: L6
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-020; #1047
Mineralogy
Composition
Chemical1
(mol %)
Modeled normalized 
abundance (%)
olivine 43.95
pyroxene 45.21
plagioclase  
apatite 2.24
iron oxides 8.59
288
Name: Long Island
Location: Phillips County, Kansas, United 
States; 39°56’N., 99°36’W.
Mode and year of recovery: Find ● 1891
Type: Ordinary chondrite
Notes: L6; shock stage S4.
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-021; #998
Mineralogy
Composition
Chemical2
(mol %)
Modeled normalized 
abundance (%)
olivine Fa27.6 39.53
pyroxene Fs23.4 58.09
apatite 2.39
  
289
Name: NWA2089
Location: Northwest Africa
Mode and year of recovery: Find ● 2003
Type: Ordinary chondrite
Notes: LL3
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-022; #1008
Mineralogy
Composition
Chemical14
(mol %)
Modeled normalized 
abundance (%)
olivine Fa2-29 30.62
pyroxene Fs3-34 68.97
iron oxides 0.42
  
  
290
Name: NWA960
Location: Morocco, Northwest Africa
Mode and year of recovery: Find ● 2001
Type: Ordinary chondrite
Notes: ordinary chondrite - 3
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-023; #1049
Mineralogy
Composition
Chemical
(mol %)
Modeled normalized 
abundance (%)
olivine 29.03
pyroxene 58.48
plagioclase 0.00
apatite 1.68
iron oxides 10.80
291
Name: Unnamed
Location:
Mode and year of recovery: Find ●
Type: Ordinary chondrite
Notes: L4
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: oc-024; #1053
Mineralogy
Composition
Chemical9
(mol %)
Modeled normalized 
abundance (%)
olivine Fa27.6
pyroxene Fs23.4
plagioclase
troilite
kamacite
292
Name: ALH79029
Location: Allan Hills, Antarctica
Mode and year of recovery: Find ● 1979
Type: Ordinary chondrite
Notes: H5, weathering grade C.
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: ec-001; #962
Mineralogy
Composition
Chemical
(mol %)
Modeled normalized 
abundance (%)
olivine
pyroxene 
plagioclase
troilite
kamacite
293
Name: Abee
Mode and year of recovery: Fall ☄ 1953 
Location: 54°12’55”, 113°00’23”
Alberta, Canada
Type: Enstatite chondrite
Notes: EH, impact breccia, shock stage: S2-
S5; This meteorite is strongly brecciated; 
mineralogy may vary on the scale of the 
sample.
2 cm
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: rc-001; #978
Mineralogy
Composition
Chemical1
(mol %)
Modeled normalized 
abundance (%)
olivine Fa41.9 ± 2 80.48
pyroxene 11.75
plagioclase 7.77
troilite
kamacite rms error = 1.60
294
Name: NWA978
Location: Northwest Africa
Mode and year of recovery: Find ● 2001
Type: Rumuruti chondrite
Notes: R3.8
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: ac-001; #969
Mineralogy
Composition
Chemical15
(mol %)
Modeled normalized 
abundance (%)
olivine  16.58
pyroxene 
49.9 (pigeonite
(Fs38–46, Wo3–13); augite (Fs24–26, 
Wo29–32)) Fs43.3
53.84
plagioclase plagioclase 47.2 (An90-92) 16.18
troilite noted  
apatite 3.58
iron oxides 9.82
295
Name: Dhofar 007
Location: Oman
Mode and year of recovery: Find ● 1999
Type: Eucrite-cm
Notes: 
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: ac-002; #981
Mineralogy
Composition
Chemical2
(mol %)
Modeled normalized 
abundance (%)
olivine Olivine cores, Fa21.4, rims reduced to Fa3.8
40.54
pyroxene pigeonite, Fs18.8Wo9.9; sub-calcic augite, Fs17 Wo16.6
39.77
plagioclase 4.39
iron oxides 15.30
  
296
Name: NWA2634
Location: Northwest Africa
Mode and year of recovery: Find ● 2004
Type: Ureilite
Notes: 
Wavenumber (cm-1)
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: ac-003; #974
Mineralogy
Composition
Chemical3
(mol %)
Modeled normalized 
abundance (%)
olivine Fa7.2 ± 2.1
pyroxene Fs3.7 ± 1.2
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Name: Kapoeta
Location: Sudan; 4°42’N, 33°38’E.
Mode and year of recovery: Fall ☄ 1942
Type: Howardite
Notes: Contains chondrule-like objects and 
carbonaceous chondrite xenoliths.
2 cm
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: ac-004; #983
Mineralogy
Composition
Chemical2
(mol %)
Modeled normalized 
abundance (%)
olivine Fa18.2 -18.7 18.25
pyroxene 
orthopyroxene: Fs16.2Wo4.0 to 
Fs16.6Wo4.2 clinopyroxene: 
Fs7.4Wo43.4 to Fs8.5Wo40.4
47.93
plagioclase An 12.3Or 6.7 to An27.4Or 2.8 18.71
apatite 1.01
iron oxides 14.10
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Name: NWA3145
Location: Morocco, Northwest Africa
Mode and year of recovery: Find ● 2004
Type: achondrite-primitive 
Notes: Metamorphic aggregate
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: si-001; #970
Mineralogy
Composition
Chemical
(mol %)
Modeled normalized 
abundance (%)
olivine
pyroxene 
plagioclase
troilite
kamacite
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Name: Estherville
Location: Emmet County, Iowa, United 
States; 43°25’N, 94°50’W.
Mode and year of recovery: Fall ☄ 1879
Type: Mesosiderite
Notes: Shock stage: S1
2 cm
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: si-002; #965
Mineralogy
Composition
Chemical
(mol %)
Modeled normalized 
abundance (%)
olivine
pyroxene 
plagioclase
troilite
kamacite
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Name: Bondoc
Location: Bogga Dingare, Yobe, Nigeria; 
13°31’N, 122°27’E.
Mode and year of recovery: Fall ☄ 1984
Type: Mesosiderite
Notes: Shock stage: S1-S2 2 cm
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: si-003; #968
Mineralogy
Composition
Chemical
(mol %)
Modeled normalized 
abundance (%)
olivine
pyroxene 
plagioclase
troilite
kamacite
301
Name: Clover Springs
Location: near Clover Springs, Gila County, 
Arizona, United States; 34°27’N, 111°22’W.
Mode and year of recovery: Find ● 1954
Type: Mesosiderite
Notes: Shock stage: S1-S2
2 cm
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: si-004; #963
Mineralogy
Composition
Chemical16
(mol %)
Modeled normalized 
abundance (%)
olivine Fa12.0
302
Name: Admire
Location: Lyon County, Kansas; 38°42’N; 
96°6’W.
Mode and year of recovery: Find ● 1881
Type: Pallasite
Notes: 
2 cm
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: si-005; #1005
Mineralogy
Composition
Chemical17
(mol %)
Modeled normalized 
abundance (%)
olivine Fa11.5
pyroxene 
plagioclase
troilite
kamacite
303
Name: Brahin
Location: Minsk, Gomel Province, Belarus; 
52°30’N, 30°20’E.
Mode and year of recovery: Find ● 1810
Type: Pallasite
Notes: No obvious alteration on fragment.
2 cm
Wavenumber (cm-1)
Em
iss
ivi
ty
METEORITE THERMAL EMISSION SPECTRA LIBRARY
spectrum: fc-001; #990
Mineralogy
Composition
Chemical
(mol %)
Modeled normalized 
abundance (%)
olivine
pyroxene 
plagioclase
troilite
kamacite
304
Name: Weathered fusion crust
Location: Unknown
Mode and year of recovery: Find ●
Type: Unclassified
Notes: 
Wavenumber (cm-1)
Em
iss
ivi
ty
APPENDIX C
LINEAR DECONVOLUTION MODEL FITS for SELECT METEORITES
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Sahara00182 Isheyevo
Bencubbin SAU290
NWA1694 NWA5376
rms error = 0.36 rms error = 1.89
rms error = 1.00 rms error = 1.41
rms error = 1.10 rms error = 0.51
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Allende NWA3144
Dag862 Tulia
ALH77225 Juancheng
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rms error = 1.30 rms error  = 1.75
rms error  = 1.15 rms error  = 1.28
rms error  = 0.44 rms error  = 0.80
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NWA2122 Bruderheim
Long Island NWA2089
NWA960 Unnamed
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rms error  = 1.20 rms error  = 0.86
rms error  = 1.19 rms error  = 1.26
rms error  = 0.75 rms error  = 1.20
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NWA978 Dhofar007
NWA2634 NWA3145
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ALH77233
rms error  = 1.59 rms error  = 1.24
rms error  = 0.70 rms error  = 0.40
rms error  = 0.35 rms error  = 0.51
APPENDIX D
CANYON DIABLO SPECTRA
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